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Abstract 
ORGANIC-INORGANIC COMPOSITE MATERIALS 
It is well-accepled fact that the progress of mankind today is directly or indirectly 
dependent on advanced technology materials that perform better and open new 
dimensions in research and development. Ihe enormous diversity associated with 
material processing and mateiial preparation has lead to an explosion of interest from an 
assortment ol' different scientists and will undoubtedly lead to the development and 
creation of new approaches and materials for advanced applications. In designing 
composite materials, scientists and engineers have ingeniously combined various metals, 
ceramics, and polymers to produce a new generation of extraordinary materials. 
Likewise, composites formed via the incorporation and interpenetralion of organic 
polymers into the inorganic host are attractive for the purpose of creating high-
performance or high functional polymeric materials, having properties superior to those 
prepared alone is a fascinating and growing field of study. These new composite 
materials that are expected to provide many possibilities, termed "organic-inorganic 
hybrid" materials. Accordingly, hybrids can be used to modify organic polymers or to 
modify inorganic materials. They should be considered as next generation composite 
materials thai will encompass a wide variety of applications. 
ION-EXCHANGE PROCESS 
I'he ion-exchange process became established as an analytical tool in laboratories 
and in industries. A typical ion-exchange reaction may be represented as shown in Fig. 
1. Ion-exchange column chromatography (one of the instrumental separation methods) 
uses an ion-exchange material as stationary phase, has been emerged as a most useful 
and versatile analytical technique. They have played a significant role in identification, 
separation and quantitative determination of ionic and non-ionic species and purification 
of chemical compounds. 
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Fig, 1. Ion-exchange with a solution (schematic). 
Many natural and synthetic substances are capable of ion-exchange. The real 
utility of an ion-exchanger depends largely on its ion-exchange characteristics. Organic 
ion-exchangers, commonly known as ion-exchange resins, are the most important class 
of ion-exchangers have dominated the field because of their uniformity, chemical 
stability and ability to control resin properties by synthetic procedures. Inorganic ion-
exchangers exhibit higher thermal and radiation stability, rigid structure and undergo for 
negligible swelling. Inorganic ion-exchangers of double salts of polyvalent metals (three 
components or heteropolyacid salts) often exhibit much better ion-exchange behavior as 
compared with single salts of polyvalent metals (two components). In order to achieve 
stable materials with chromatographic properties interest has been generated in 'organic-
inorganic' composite ion-exchange materials. 
ELECTRICAL CONDUCTION IN MATERIALS 
Materials show electrical conduction due to the movement of charge can-iers on 
application of voltage. There are several carriers that contribute to the conductivity of the 
materials - electrons and holes in the electronic conductors, and cations and anions in 
ionic conductors. An electric cun-ent results from the motion of electrically charged 
particles in response to forces that act on them from an externally applied electric field. 
Positively charged particles are accelerated in the field direction, negatively charaed 
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panicles in the direction opposite. Within most sohd materials a current arises from the 
flow of electrons, which is termed electronic conduction. 
Mechanisms that have been employed to explain the electrical conduction in 
materials, include ionic conduction, band type conduction, hopping and excitonic 
conduction, quantum mechanical tunneling between metallic domains etc. Electrical 
properties of materials may be discussed in the Hght of band theory quite successfully. 
The above mechanisms accounts for conduction in highly ordered materials only. 
However, the electrical conduction through bi-phasic systems (inhomogeneous systems) 
in which only one phase is conducting, depends on the concentration of conducting 
phase. Therefore, a sharp rise in electrical conductivity is observed at a critical 
concentration of conducting phase, tho percolation threshold. 
The ability of materials to conduct electricity varies widely allowing their 
classification into good conductors (metals), semiconductors and non-conductors 
(insulators). Another classification of solids may be based upon the number of current 
carrier (electrons). A conductor has a large number of current carriers and this number is 
independent of temperature. An insulator has relatively few numbers of current carriers 
at ordinary temperatures and a semiconductor has current carriers, the number of which 
in a particular material depends on the temperature. Electrical conductivities of various 
elements, compounds and polymers are shown in Fig. 2. Conjugated polymers such as 
polyacetylene, polyphenylene, polythiophene, polypyrrole, polyaniline etc. (Fig. 3) 
possess a backbone that can produce, sustain and assist the motion of charge carriers in 
the form of electrons or holes. Pol)'aniline has attracted much attention on account of its 
ability, under certain conditions, to exliibii a high level of electrical conductivity having 
potential applications such as in the fabrication of novel batteries. Polypyrroles have 
prompted considerable research because they are a group of polymers that can be easily 
produced in the doped state. One of the principal advantages of polypyrrole over other 
doped polymers is its excellent thermal stability in air. 
Combination of one or more materials (for e.g. insulating polymers, organic 
molecules, metal powder, inorganic compounds etc.) with electrically conducting 
polymer matrix produce a new conducting material with different physical, chemical, 
mechanical, thermal, electrical, optical as well as magnetic properties. 
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Fig. 2. Conductivities of main electrically conducting polymers with other 
classical conductors, semiconductors, and insulators. 
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Fig. 3. Bond-alternate backbone of the most studied electroconducting 
conjugated polymers (ECPs). 
MEMBRANES AND ELECTROCHEMICAL SENSORS 
In simple terms, a membrane is a phase, usually heterogeneous, acting as barrier 
to the flow of molecular and ionic species present in the liquids and for vapors 
containing two surfaces. Ion-exchange membranes consist of highly swollen gels or 
microporous structure with the pore walls carrying fixed positive or negative charges. 
Such membranes are known as semi-permeable. In fact, ion-exchange membranes in the 
simplest forms are synthetic ion-exchange resins in the form of sheets and fiims. The 
heterogeneous ion-exchanger membranes are made mechanically incorporating 
powdered ion-exchange resins into sheets of rubber, polyvinyl chloride, acyrionitriie 
copolymers or some other extrudable or mouldable matrix. The useflilness of a 
membrane in a mass separation process is determined by its selectivit)', by its chemical, 
mechanical and thermal stability and its overall mass transport rate. 
Electrochemical sensors represent an important subclass of chemical sensors. The 
Ion Selective Electrodes (ISEs) are commonly known as "Ion Sensors" or 
"Electrochemical Sensors" that are mainl)' rnembrane-based devices; consist of perm-
selective ion conducting materials, which separate the sample from the inside of the 
electrode. The heterogeneous precipitate ion-exchange membranes consist of suitable 
colloidal ion-exchanger particles as electroactive materials embedded in a polymer 
(inert) binder, i.e., poly(vinyl chloride) (PVC) or epoxy resin (Araldite) or poiyst>Tene, 
polyethylene, nylon, PMMA, etc., have been extensively studied as potentiometric 
sensors. They are well known as they are successfully employed for the determination 
of several anions and cations. 
SELECTION OF PROBLEM 
The recovery and preconcentration of metal ions at trace and ultra trace levels 
from aqueous solution has been a subject of great interest for both industry and 
government agencies like Pollution Control Board. Extremely low concentrations, in 
many cases, and increasingly stringent requirements of versatility, specificity, sensitivity 
and accuracy in the analysis has made the task challenging for the 'analyst'. A rapid 
development and the importance of electronic instrumentation viz., neutron activation 
analysis, plasma source emission, X-ray fluorescence, atomic absorption spectrometry, 
mass spectrometiy and spectrophotomctric methods in the separation chemistiy. 
However, some of these sophisticated equipments are ver}' expensive and cannot be 
procured in many laboratories, particularly in de\'eloping countries. Moreover, methods 
based on them suffer in man)' cases due to matrix effects. Hence, one is compelled to 
separate the analyte of interest from the matrix constituents and determine them 
individually to get reliable results. This requires effective separation and concentration 
techniques like ion-exchangers, chelating resins, or solvent extraction. 
Composite materials formed by the combination of inorganic ion-exchangers of 
multivalent metal acid salts and organic conducting polymers providing a new class of 
'organic-inorganic' hybrid ion-exchangers. An inorganic precipitate ion-exchanger 
based on organic polymeric matrix must be an interesting material, as it should possess 
the mechanical stability due to the presence of organic polymeric species and the basic 
characteristics of an inorganic ion-exchanger regarding its some selectivity for some 
particular metal ions. These polymer based composite ion-exchange materials show the 
improvement in a number of its propeities. One of them is the improvement in its 
granulometric properties that makes more suitable for the application in column 
operations. In some of the cases, it is observed that increase in the number of cycles 
without affecting its ion-exchange capacity as well as ion-exchange equilibria. 
Conducting polymers possess good tunable electrical conductivity and are organic 
electrochromic materials with chemically active surface. But they are chemically 
sensitive and have poor mechanical properties and pose processibility problems. On the 
other hand, inorganic oxides or metal acid salts show the presence of more sites for 
surface reactivity and are highly porous in sol form. They also have good mechanical 
properties and are good dispersants too. Thus, composite materials formed by combining 
conducting polymers and inorganic particles; possess all the good properties of both the 
constituents and an enhanced utility thereof. 
The materials that are used as ion-exchangers, which belong to organic as well 
inorganic origin, have attained an appreciable status in current research because they 
have become a part and parcel of a number of laboratories and industrial units in one 
way or other. Both origins exhibit merits and demerits over one another in practice. 
Organic ion-exchangers (ion-exchange resin) have higher ion-exchange capacity, 
chemical siabiUty and better regeneration characteristics, while inorganic ion-exchangers 
exhibit higher thermal and radiation stability, rigid structure and undergo for negligible 
swelling. Inorganic ion-exchangers of double salts of pol>'valent metals (three 
components or heteropolyacid salts) often exhibit much better ion-exchange behavior as 
compared with single salts of pol}'valent metals (two components). It has been found that 
simple inorganic ion-exchangers are applicable for ionic species, while ligand 
intercalated or composite ion-exchange materials can be employed for ionic as well as 
non-ionic species. 
AIMS AND OBJECTIVES 
Present-day progress of mankind is directly or indirectly dependent on advanced 
technology materials (high perfomiance materials) that perforai better and open new 
dimensions in research and development. Among the major developments in materials in 
recent years are composite materials. In fact, composites are now one of the most 
important classes of engineered materials, as they offer several outstanding properties as 
compared to conventional materials. These materials have found increasingly wider 
utilities in the general areas of chemical sensors, chromatography, fabrication of 
selective materials, and electrical and optical applications. 
The materials that are used as ion-exchangers have attained an appreciable status 
in current research because they have become a part and parcel of a number of 
laboratories and industrial units in one way or other. The disciplines like analytical 
chemistry, electro-analytical, medical, agriculture, potable water, power generation, 
textile and environmental etc. have been using these materials which belong to organic 
as well inorganic origin. Both origins exhibit merits and demerits over one another in 
practice. Organic ion-exchangers (ion-exchange resin) have higher ion-exchange 
capacity, chemical stability and better regeneration characteristics, while inorganic ion -
exchangers exhibit higher thermal and radiation stability, rigid structure and undergo for 
negligible swelling. Inorganic ion-exchangers of double salts of polyvalent metals (three 
components or heteropolyacid salts) often exhibit much better ion-exchange behavior as 
compared with single salts of polyvalent metals (two components). It has been found that 
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simple inorganic ion-exchangers are applicable for ionic species, while ligand 
intercalated or composite ion-exchange materials can be employed for ionic as well as 
non-ionic species. 
The primary objective of the present work is to develop simple, selective, 
sensitive and economical materials for the determination of toxic metal ions that have 
been causing health hazards to human life. That's why, in order to get combination of 
the above advantages and to increase interlayer distances of layered inorganic ion-
exchangers to accommodate large species or complexes, 'organic-inorganic' hybrid ion-
exchangers have been developed through the incorporation of organic monomers into the 
inorganic matrices. The introduction of various organic polymers, chelating or 
intercalating agents boost the selectivity towards particular ionic as well as non-ionic 
moiety, and the development in their synthesis employing conducting polymers (such as 
polyaniline, polypyrrole etc.) into the matrices of two components or three components 
inorganic ion-exchange materials based on polyvalent metals i.e., tin, titanium, 
antimony, zirconium, niobium, tantalum, etc. with tungstate, phosphate, antimonite, 
molybdate, arsenate, etc. that provide much better mechanical and granulometric 
properties. Therefore, these composite ion-exchange materials have well established 
their position in separation science and technology, and have been used in the separation 
and preconcentration of metal ions as well as recovery of heavy metals from various 
waste effluents to decrease the pollution load in the environment. 
'Organic-inorganic' composite materials having conducting behavior also show 
various applications in electronic and photonic systems. Most of them show the 
electrical conduction behavior in the semiconductor region and hence they can be used 
as semiconducting materials. Nowadays, these materials have been used in the 
preparation of potentiometric sensors, i.e., gas sensors, chemical sensors, bio-sensors, 
ion-sensors as well as ion-selective electrodes which are of vital analytical and 
environmental interest. The integration of chemically sensitive membranes with solid 
state electronics has led to the evolution of miniaturized, mass produced potentiometric 
probes known as ion-selective field effect transistors (ISFETs). 
Although there is a wide variet}^ of conjugated polymers synthesized so far and 
many are expected in future, polyaniline (PAni) and polypyrrole (PPy) have been 
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selected as conducting components for the preparation of conducting composites with 
inorganic precipitates of polyvalent metal acid salts after a A'er\' careful consideration of 
merits and demerits in the literature surveyed on conjugated polymers. Strong reasons 
underlying in this selection include the ease of preparation, fairly good environmental as 
well as thermal stabilit)' and sufficiently high electrical conductivity. 
Consequently, an additional aim of this work is to investigate the electrical 
conducting behavior of these 'organic-inorganic' composite ion-exchange materials, 
since the raw materials are cheap, preparation is simple, yield is good, environmental 
stability is high and electrical conductivity can be achieved easily. 
Ion-selective membrane electrodes and biosensors have found applications in 
individual processes; like fermentation control, pharmaceutical analysis, environmental 
monitoring, sewage treatment, food industries etc., since the use of ion-selective 
electrodes offer several advantages over other analytical techniques, such as the cost of 
initial set up to make analysis is relatively low. Hence, the development of ion-exchange 
membrane electrodes has also been earned out in the present studies by employing the 
composite ion-exchanger materials as electro-active phases. Despite the number of ion-
exchange membrane electrodes are reported, comparatively few types are available 
commercially and even fewer are at all widely used. So, the efforts have been made to 
develop the ion-exchange membrane electrodes having enough lifetimes and fast 
response times in the determination of various metal ions in synthetic samples as well as 
real samples like alloys, waste effluents, etc. 
In view of the above-mentioned facts and after careful scrutiny of literature, we 
have chosen the problem entitled: ''Preparation, Ion-exchange and Electrical Behavior 
of Some Organic-Inorganic Composite Materials'". The principal elements of this 
research work are: 
> the laboratoiy preparation of organic conducting polymers {i.e. polyaniline, 
polypyrrole); 
> the preparation of inorganic precipitates of pol>'valent metal acid salts {i.e. Sn(IV) 
tungstoarsenate, polyantimonic acid); 
> the development and characterization (using instrumental analyses, e.g. FT-IR, X-ray. 
ESR, SEM, TGA-DTA, AAS, elemental analysis, etc.) of chemically, mechanically and 
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thermally stable 'organic-inorganic' no\'el composite materials via the incorporation of 
PAni and PPy in inorganic matrices; 
> studies on ion-exchange properties of these composite materials; 
> investigating DC electrical conductivity beha\'ior of these composites; 
> the fabrication and characterization of ion-exchange membranes and ion-selective 
electrodes using these composite ion-exchangers; 
> Analytical and environmental applications used as cation-exchangers and sensors. 
FINDINGS OF THE WORK DONE 
The research works done are compiled in six chapters in this thesis: 
Chapter - 1 is a "General Introduction"' which gives a detailed account of the 
'organic-inGi'ganic' composite materials, historical background of the ion-exchange 
technology and its recent advances, electrical conduction in materials, membranes and 
electrochemical sensors followed by a comprehensive list of references. Critical reviews 
of the studies on 'organic-inorganic'' composite materials used as synthetic ion-
exchangers, electrically semiconductors, ion-exchanger membranes, ion-selective 
electrodes, etc. have also been given based on the literature survey that reveal the some 
of the novel applications of these materials. Basic principles of organic-inorganic ion-
exchangers and ion-selective electrodes, and their analytical applications in the literature 
so far have also been discussed. 
Chapter - 2 summarizes the preparation and characterization of two new and 
novel organic-inorganic polyaniline Sn(IV) tungstoarsenate and polypyrrole 
polyantimonic acid composite cation-exchange materials. Various samples of these two 
composites of different compositions have been synthesized under various conditions 
such as different mixing ratios {v/v) at different pH values. The sample of polyaniline 
Sn(IV) tungstoarsenate (S-1) with a Sn:W:As:C:H:N ratio of 1:1:4:10.16:25:0.53 
prepared by mixing the solutions of Sn(IV) chloride (0.1 M), sodium tungstate (0.1 M), 
sodium arsenate (0.1 M), aniline (10%) and potassium persulphate (0.1 M) in the volume 
ratio of 1:1:1:1:1 has been chosen for detail studies. In this mixing, the gel of 
polyaniline was added with the gel of Sn(IV) tungstoarsenate (prepared at pH«l) and the 
system was continuously stirred during mixing. The resultant gel was kept for 24 hours 
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at room temperaiure (25 ± 2 ''C) and the dried gel was then put in DMW to obtain 
granules of uniform size suitable for column operations. This greenish colored sample 
material was found mechanically and thermal!)' stable. The solubility' experiments 
showed that the material has reasonably good chemical stabilit\'. as it was resistant to 4 
M HNO3 and 4 M H2SO4 with higher solubility in NH3 and in alkaline media and slightly 
higher solubility in HCl, citric acid and oxalic acid. The chemical dissolution in DMW. 
acetone, DMS. n-butanol, formic acid. CK?COOH. CHsCOONa, NH4NO3 was almost 
negligible. Another composite sample of polypyrrole polyantimonic acid (A-2) with a 
Sb:C:H:N:0 ratio of 2.15:4.12:12.31:1.0:8.94 prepared by mixing the solutions of 
potassium pyroantimonate (0.1 M), pyrrole (33.33%) and FeCls (0.1 M) in the volume 
ratio of 1: 0.03: 0.5 has been chosen for detail studies. In this mixing, FeCls solution was 
mixed with the gel of polyantimonic acid (prepared at pH»0.125) to which pyrrole 
solution was added drop wise and continuous stirring was done during the mixing. 
Finally, the blackish colored granules having higher mechanical and thennal stabilities 
were obtained. It was also resistant to 2 M FICIO4 and 2 M H2SO4 with higher solubility 
in NH3 and in alkaline media and slightly higher solubility in 2 M HNO3, 2 M HCl, citric 
acid, oxalic acid, n-butanol and DMSO. The chemical dissolution in DMW, DMS, 
acetone, formic acid, CH3COOH and NaN03 was almost negligible. 
The physico-chemical properties of these two composite materials (S-1 and A-2) 
were determined using some instrumental techniques, such as SEM, FT-IR, 
simultaneous TGA/DTA, powder XRD, ESR, UV-VIS spectrophotometry, AAS, 
elemental analyses, etc. SEM photographs indicated the binding of inorganic precipitates 
and organic polymers, i.e. formation of composites. FT-IR spectra of the composites 
recorded by KBr method that revealed the presence of external water molecules in 
addition to the -OH groups and metal oxides present internally in the materials. The TG 
analysis of the composites showed the weight loss due to gel water, water of 
crystallization, coordination water and condensation of hydroxyl groups, etc. which 
indicated the changes taking place in the composite lattice within the temperature range 
of 50 - 250 °C. Complete decompositions of the organic parts were also evident from the 
TGA curves. Smooth horizontal sections in the TGA curves represent the complete 
formation of the oxide fornis of the materials. These transformations have also been 
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supported by differential thermal analysis (DTA). The X-ray diffraction pattern of the 
composites showed different adsorption lines at different 2^ values and indicated that 
both the composites are semiciystalline in nature. The ESR spectrum of these composite 
materials were recorded at room temperature, as a fimction of air exposure and found 
that g = 2.001, signal width = 6.51 G for polyaniiine Sn(IV) tungstoarsenate and g •= 
1.990, signal width = 8.02 G for polypyrrole polyantimonic acid. The chemical 
compositions of the materials were obtained from the studies of UV-VIS 
spectrophotometr>', AAS and elemental analyses. On the basis of chemical composition 
studies and various instrumxnial analyses, we can suggest the tentative formula of the 
composite materials: [(Sn02) (WO3) (As205)4 (-C5H5-NH-)2] .nH20 for polyaniiine 
Sn(IV) tungstoarsenate and [(Sb205) (-C4H4NPl-)].nH20 for polypyiTole polyantimonic 
acid. 
Chapter - 3 deals with the ion-exchange propeities of polyaniiine Sn(IV) 
tungstoarsenate and polypyrrole polyantimonic acid composite cation-exchangers. The 
ion-exchange characterization was carried out using the elution behavior, pH-titration, 
distribution studies for metal ions, etc. The ion-exchange capacities of sample S-1 and 
sample A-2 were determined for some alkali and alkaline earth metal ions. Both the 
composite cation-exchange materials possessed a better Na"^  ion-exchange capacity (1.67 
meq g'' of S-1 and 3.19 meq g'' of A-2) as compared to inorganic precipitates, Sn(lV) 
tungstoarsenate (1.12 meq g'') and polyantimonic acid (2.83 meq g'^), respectively and 
some other similar materials. pH- titrations for LiOH / LiCl, NaOH / NaCl and KOH / 
KCl systems were perforaied on these materials indicated bifiinctional behavior of the 
materials. The composite materials appear to be strong cation-exchangers as indicated by 
a low pH (~2.5 for S-I and -2.6 for A-2) of the solutions when no OH" ions were added 
to the system. The theoretical ion-exchange capacities of S-1 and A-2 for these ions were 
found to be -3.2 meq g'' and -4.25 meq g'', respectively. Both the composite cation-
exchangers were found to possess higher thermal stabilit}' as sample S-1 is themially 
stable up to 150 °C and it maintained about 55% of the initial ion-exchange capacity by 
heating up to 400 °C, and also the sample A-2 is thermally stable up to 200 °C and it 
retained about 59% of the initial ion-exchange capacity' by heating up to 600 °C. 
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The distribution studies of different metal ions were perfomied in different 
solvent systems. The Kj (distribution coefficient)-values were varied with the 
composition and nature of the contacting solvents. On the basis of distribution studies, 
the most promising properly of these materials was found to be the high selectivity 
tovv'ards Cd(II) for sample S-1 and Hg(II) for sample A-2, which are the major polluting 
elements in the environment. 
The ion-exchange kinetic studies carried out on composite cation-exchangers 
indicated the ion-exchange process taking place on the surface of the materials is a 
particle diffusion controlled phenomenon and it also revealed that equilibrium is attained 
faster at a higher temperature. The values of the self-diffusion coefficients, energies and 
entropies of activation were obtained on the basis of non linear Nernst-Plank equations 
that should be applicable for a particle diffusion-controlled ion exchange with some 
additional assumptions. Negative values of the entropy of activation suggest a greater 
degree of order achieved during the forward ion-exchange process. 
Chapter - 4 deals with the electrical conducting behavior of chemically modified 
polyaniline Sn(IV) tungstoarsenate and polypyrrole polyantimonic acid composite 
materials. Various samples were prepared using the method described in Chapter - 2 by 
mixing different concentrations (vol.%) of aniline (2% to 20%) and pyrrole 
(approximately 7% to 40%) monomers into fixed volume of inorganic precipitates of 
Sn(IV) tungstoarsenate and polyantimonic acid, respectively. Among the samples of 
both the composites, sample PS-5 (with 10% aniline) and sample PA-10 (with 33.33% 
pyiTole) were chosen for detail electrical conductivit}' studies. 
The electrical conductivity was measured using 4-probe-in-line DC electrical 
conductivity measuring technique for semiconductors that is more satisfactory than two-
probe method. It was obser\''ed that the ambient temperature electrical conductivities of 
the composites for some concentrations of aniline and pyrrole monomers are greater than 
that of individual components, polyaniline or polypyrrole. The samples of both the 
composites so prepared are semiconductors in nature, showing conductivities in the 
range of 10"^  to 10"^  S cm''. A slight increase in electrical conductivity for the 
composites is followed at a certain polyaniline or pyrrole concentration (about 8% for 
aniline and 27% for pyrrole) by a sudden jump, which is again followed by moderate 
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increase; the percolation threshold. The composite samples followed the Arrhenius-type 
equation for the dependence of electrical conductivity with temperature. The calculated 
activation energies (from the Arrhenius plots) of the samples of the composite materials 
were compared with the band gap of semiconductors and the samples showed 
comparable energy requirement for conduction lo occur. 
The electrical conductivity measured for the composites with respect to the time 
of accelerated ageing and it was obser '^ed that the electrical conductivity' is quite stable 
at 50, 70, 90 and 110 °C that support the fact that the DC electrical conductivity of the 
composites is sufficiently stable under ambient temperature conditions. The electrical 
conductivity decreases with time at 130 and 150 °C that may be attributed to uie loss of 
dopant and the chemical reaction of dopant with material. The composites are stable in 
terms of electrical properties when cycled 5 times between temperature 35-200 ''C. 
These composites were also obsei^ ved to be stable materials, i.e. the room temperature 
conductivities are negligibly affected by short-term exposure to laboratory. The 
composites are environmentally stable with respect to their physical properties and no 
visible deterioration could be traced in the pellets even after 250 days of their 
preparation. 
Chapter - 5 presents the preparation and characterization of the ion-exchanger 
membranes and ion-selective membrane electrodes using the so prepared composite 
cation-exchange materials as electroactive components. Polyaniline Sn(IV) 
tungstoarsenate (S-1) cation-exchanger membrane was prepared by mixing 100 mg fine 
powder of S-1 thoroughly with Araldite (100 mg) in 1:1 {w/w) ratio to make a 
homogeneous paste. A uniform and thin membrane having 0.35 mm thickness was 
obtained. Polypyrrole polyantimonic acid cation-exchanger membrane was prepared by 
mixing fine powder of A-2 (0.4 g) thoroughly with poly(vinyl chloride) solution (0.17 g 
PVC dissolve in 6 ml THF). The resulting solution was carefully cast on a glass slide 
plate and left for slow evaporation to obtain a thin membrane, and a thin master 
membrane of 0.31 mm thickness was obtained. The physico-chemical properties of the 
membranes viz., thickness, water content, porosity, swelling etc. were also detennined. 
Since both the composite cation-exchangers (S-1 and A-2) having selectivit}' 
towards Cd(II) are Hg(II), respectively; the membranes were equilibrated with the 
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solutions of selected ions, i.e. Cd(II) and Hg(II), and taken for potentiometric studies. 
The chemical, thermal and mechanical strength of the prepared membranes were utilized 
to fabricate its ion-selective membrane electrodes with satisfactory detection limits (1 x 
10"'* M and 1 x 10'^  M with sub Nemstian and near Nemstian slopes), high working pH 
ranges (between 2.5-8), quick responses (between 25-30 sec.) and enough lifetimes 
(between 2.5-3 months) for the selective determination of heav)' metal ions {i.e. Cd^^ and 
Hg"" that causes hazardous pollution in the environment) in synthetic samples as well as 
real samples like effluents, wastewaters, alloys etc. The performances of the membrane 
electrodes were also investigated in partially non-aqueous media using acetone-water 
and ethanol-water mixtures (5-35% v/v). It was revealed that the polyaniline Sn(IV) 
tungstoarsenate-araldite membrane electrode assembly works satisfactorily up to a 20% 
{v/v) acetonic and 15%) (v/v) ethanolic solution. It was also found that no appreciable 
change in the working concentration range and slope occurs in solutions having up to a 
25% (v/v) acetonic and 10%) {x/v) ethanolic solution for polypyrrole polyantimonic acid-
PVC membrane electrode. In routine way the effect of surfactant, i.e. Na-lauryl sulfate 
on slope values were studied and it was found that small amounts (1x10" M to 1 x 10" 
M) of the detergent did not disturb the functioning of the polyaniline Sri(IV) 
tungstoarsenate-araldite membrane sensor. Also the effect of surfactant, i.e. Na-lauiyl 
sulfate on slope values were studied and it was found that small amounts (1 x 10"^  M to 1 
x 10"^  M) of the detergent did not disturb the functioning of the polypyrrole 
polyantimonic acid-PVC membrane sensor. 
In order to assess the selectivity of the membrane electrodes, the effect of a 
number of interfering ions (Na^ K^ Mg^^ Cs^\ Sr^ ", Cu^^ Mn-^ Zn^\ W\ Ar\ Fe^* 
etc.) on the membrane potentials were evaluated by Fixed Interference Method. The 
calculated numerical values of potentiometric selectivity coefficients revealed that all 
7-i-
other foreign metal ions interfere to a very little extent with the primary ion (Cd or 
Hg^ )^ response. 
Chapter - 6 deals with the various anal}tical and environmental applications of 
I 
the proposed composite' materials used as cation-exchangers, adsorbents and ion-
selective membrane electrodes. These composite materials were used as good cation-
exchangers for the selective recovery and preconcentration of toxic heavy metal ions 
15 
Cd^ "^  and Hg^ "^  from other metal ions in aqueous solutions (Fig. 4. Fig. 5, Table 1 and 
Table 2). An effective analytical method for separating Fe^ "^  and 2sC^ from other metals 
in commercially available pharmaceutical preparations was carried out by using these 
composite cation-exchangers that demonstrated its practical utilitv'. It is also evident 
from the thermodynamic study for the adsorption behavior of dichlorvos, an 
organophosphorus pesticide on the surface of polyaniline Sn(IV) tungstoarsenate that the 
composite materials can be used as good adsorbents of pesticides to decrease the 
pollution load in the environment. 
The analytical applications of the membrane electrodes proved to be useful for the 
direct estimation of Cd^ ^ and Hg *in industrial wastewater samples, amalgam, etc. (Table 
3 and Table 4). The practical utilities of these membrane electrodes have also been 
established by employing them as indicator electrodes in the titration of 0.01 M 
Cd(N03)2, 0.01 M Hg(N03)2 and 0.01 M phenyl mercury acetate solutions. It was 
observed that an identical potential jump in each titration curve occurs at the equivalence 
point (Fig. 6 and Fig. 7). 
In conclusion, we can say that compared with other ion-exchange materials of this 
class, the so prepared 'organic-inorganic' composite materials offer good environmental 
and economical advantages. A number of analytical and environmental applications of 
these composite materials used as cation-exchangers, electrically semiconducting 
materials, ion-selective membrane electrodes etc. would make them important for the 
material as well environmental scientists. 
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Table 1 
42+ Removal of Cd from water samples using polyaniline Sn(IV) tungstoarsenate 
column 
Total volume 
of test solution 
(ml) 
500 
500 
250 
100 
100 
500 
500 
Amount of 
Cd^" taken 
(^lg) 
281 
562 
1124 
1686 
2248 
562 
562") 
pH of the 
solution 
5 
5 
5 
5 
5 
2 
2 
Flow rate 
(ml min'') 
4 
4 
3 
2 
2 
4 
4 
Cd'^ removal'^ 
(%) 
100 ±0.4 
100 ±0.3 
100 ±0.6 
97 ±0.5 
95 ±0.6 
99 ±0.2 
97 ±0.8 
^^Mean and standard deviation for three measurements 
''^ In presence of foreign metal ions (Zn^ ,^ Mn^ '^ , Ni"^ "^ , Mg^ "^  and Ca^ "^ ) 
Table 2 
.2+ Removal of Hg from water samples using polypyrrole polyantimonic acid column 
Total volume 
of test solution 
(ml) 
1000 
1000 
750 
500 
1000 
1000 
Amount of 
Hg^^  
(mg) 
5 
10 
25 
100 
10 
10^ ) 
taken 
pH of the 
solution 
4 
4 
4 
4 
2 
z 
Flow rate 
(ml 
4 
4 
3 
2 
4 
4 
min' ) 
Hg""^  removal' 
(%) 
100 ±0.3 
100 ±0.5 
99 ±0.8 
97 ±0.4 
100 ±0.6 
98 ±0.4 
a) 
b) 
Mean and standard deviation for three measurements 
In presence of foreign metal ions (Cu" , Zn , Ba , Mg and Ca ) 
19 
Tables 
Analytical application of polyaniline Sn(IV) tungstoarsenate-araldite membrane 
electrode for the determination of cadmium in wastewater samples 
Wastewater pFI Cd''^ {/.ig ml'') Recovery RSD 
samples'. 5 (%) (%) 
Found Adjusted AAS Sensor 
1. 5.68 3.80 32.2 31.0 96.27 1.4 
2. 5.60 3.85 32.4 31.1 95.99 1.3 
3. 5.72 3.75 32.2 30.5 94.72 1.3 
4. 5.70 3.84 32.5 30.1 92.62 1.5 
5. 5.64 3.68 32.4 29.6 91.36 1.6 
"^  Wastewater samples were collected from drainage of the local electroplating 
factoiy, 
Mean of three determinations. 
Table 4 
Determination of mercury in spiked wastewater samples using the polypyrrole 
polyantimonic acid-PVC membrane electrode 
Wastewater Hg^^ (jug ml'') Recovery RSD 
samples' "AAS Senso? (°/°) (%) 
1. 5.1 4.9 96.08 1.5 
2. 50.2 49.4 98.41 1.6 
3. 100.2 99.6 98.40 1.4 
' Wastewater samples were collected from the drainage of Shahibabad Industrial 
Area, U.P., India. 
^ Mean of three determinations. 
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Fig. 6. 
2.0 3.0 4.0 5.0 6.0 
Volume of EDTA (ml) 
Potentiometric titration of Cd(II) against EDTA solution using polyaniline 
Sn(IV) tungsloarsenate-araldite membrane electrode 
3.0 4.0 5.0 6.0 
Volume of EDTA (ml) 
Fig. 7. Potentiometric titration of Hg(II) against EDTA solution using polypyrrole 
polyantimonic acid-PVC membrane electrode. 
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SUGGESTIONS FOR FUTURE WORK 
The main purpose of the work has been to emphasize the growing importance of 
synthetic materials used as ion-exchangers for variet}' of analytical applications. This 
area is still in its infancy and promises to produce materials for highly specific needs in 
environmental analyses as for example in solution purifications, nuclear medicine, 
catalysis and memory materials for certain selective separations. The exciting field of 
'organic-inorganic'' materials based on electrically conducting polymers also holds 
much promise for the future as it allows the design of many new electrically conducting 
materials, selective sorbents and both cation- and an ion-exchangers and hence they can 
be used in various fornis opening new technological possibilities. 
In spite of tremendous progress that has been made in the discipline of 'organic-
inorganic'' composite materials within the past few years, there still remain technological 
challenges, including the development of even more economical, sophisticated and 
specialized composites having comparable properties with less adverse environmental 
impact. Improvements should be needed in the methods of ease fabrication, qualit)' 
assurance, reproducibility, reliability, and predictability of the behavior of composite 
materials during their service life. An important area of study is to manipulate the structure of 
materials to develop and fabricate new and novel stable lightweight nanocomposite materials 
with electrically semiconducting properties for their uses in various electrical and electronic 
devices (e.g. secondary battery electrodes, gas sensors etc.). Research efforts can be made to use 
these composites as adsorbents for air purification {i.e. gas separations) by controlling their 
electrical conductivities. Furthermore research can be done to construct ion-selective electrodes 
for a number of analytes with detection limits down to parts-per-million (10' M) which is 
possible by studying the underlying chemical principles and modifying the nature of 
electroactive materials (e.g. neutral macrocyclic compounds like crown ethers^ j^caijst^ Jci'own, 
. W N'T 
22 ^t ; : 
> > V - " ^ - ^ ^ " ' ' . •• 
azaannules thiosemicarbazones, etc.) used in the membrane electrod|s .^ X^O/^"" ^ '^'^  
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Chapter 1 
GENERAL 
INTRODUCTION 
Chapter 1 
i.L MATERIALS SCIENCE AND ENGINEERING [I-8] 
The development of many technologies that make our existence so comfortable 
has been intimately associated with the accessibility of suitable materials. An 
advancement in the understanding of a material type is often the forerunner to the 
stepwise progression of a technology. For example, in our contemporary era, 
sophisticated electronic devices rely on components that are made from what are called 
semiconducting materials. 
The discipline of material science involves investigating the relationships that 
exist between the structures and properties of materials. In contrast, materials 
engineering is, on the basis of these structure-property correlations, designing or 
engineering the structure of a material to produce a predetermined set of properties. 
Many an applied scientist or engineer, whether mechanical, civil, chemical, or 
electrical, will at one time or another be exposed to a design problem involving 
materials. Of course, material scientists and engineers ai^ e specialists who are totally 
involved in the investigation and design of materials. 
l .L l . Classification of Materials 
Solid materials have been conveniently grouped into three basic classifications: 
metal, ceramic, and polymers. In addition, there are three other groups of engineering 
materials - composites, semiconductors, and biomaterials. 
Metals: Metallic materials are normally combinations metallic elements. Metals 
are extremely good conductors of electricity and heat and are not transparent to visible 
light. 
Ceramics: These are compounds between metallic and nonmetallic elements. 
These materials are typically insulative to the passage of electricity and heat, and more 
resistant to high temperatures. 
Polymers: Naturally occurring polymers - those derived from plants and 
animals- have been used for many centuries. In fact, since the conclusion of World War 
II, the field of materials has been virtually revolutionized by the advent of synthetic 
polymers. The synthetics can be produced inexpensively, and their properties may be 
managed to the degree that many are superior to their natural counterparts. Various uses 
of this material are well known. Though polymer has been the youngest member of the 
materials family, it has made its place in the materials application in the highest rank so 
far. Today's scientists and technologists are till not satisfied with its utility. They need 
further development, more utility, more uses in sophisticated maimers and thus it gives 
the genesis of smart polymers. 
Composites: The word 'composite' is used in the technical sense to describe a 
product that arises from the incorporation of some basic structural material into a 
second substance, the matrix which is incorporated either in the forni of particles, 
whiskers, fibers or a mesh. Thus, two or more materials are combined together to 
produce a new material that may possess much better properties than any one of the 
constituent materials. The new material is called as composite material. For example, 
wool is a natural composite, which consists of long cellulose fibers held together by 
amorphous lignin. Some artificial or synthetic composite materials are cement, 
inorganic fillers in plastics, or organic coatings on the surface of metals etc. 
A number of composite materials have been engineered that consist of more than 
one material type. A composite is designed to display a combination of the best 
characteristics of each of the component materials. Many of the recent material 
developments have involved composite materials. There are three types of composite 
materials -
I. Agglomerated Materials: In this process the particles are condensed together to form an 
integral mass and are known as agglomerated composite materials (e.g. cement 
concrete). 
II. Laminated Materials or Laminates: The materials which are produced by bonding two 
or more layers of different materials completely to each other, are known as laminated 
materials or laminates {e.g. tufnol). 
III. Reinforced Materials: The materials that are produced by combining suitable 
material to provide additional strength, which does not exist in a single material, are 
known as reinforced materials (e.g. nylon reinforced rubbers, fiber reinforced plastics 
etc.). 
The main characteristics sought in an additive that in turn gets conferred on the 
composite, are elastic rigidity, tensile and fatigue strength, hardness and appropriate 
electrical and magnetic properties. Thus, a polymer composite may be defined as a 
combination of a polymer with one or more other materials to produce a new material 
to avail advantages of desirable properties of each component. Hence, in composite 
materials, the interface between two different materials is a very important feature of 
their durability or mechanical properties. In other words, the concept of these composite 
materials is 'paste together' to form a material with improved properties. 
Semiconductors: Semiconductors have electrical properties that are intemiediate 
between the electrical conductors and insulators. They have made possible the advent 
of integrated circuitry that has totally revolutionized the electrical and electronics 
industries (not to mention our lives) over the past tvvo decades. 
Biomaterials: They are employed in components implanted into the human body 
for replacement of diseased or damaged body parts. These materials not only have the 
traditional structural material functions but also have functions like living organisms. 
For example, the artificial muscles made of electroactive polymers are several times 
stronger than human muscles. All of the above materials-may be used as biomaterials 
(must not produce toxic substances and must be compatible with body tissues). 
1.1.2. Advanced Materials 
Materials that are utilized in high technology (or high tech) applications are 
sometimes termed advanced materials. These advanced materials are typically either 
traditional materials whose properties have been enhanced or newly developed, high 
performance materials. 
Smart (or intelligent) materials: These materials are the next frontier in 
engineering and manufacturing; especially smart polymers for the electronics are of the 
next millennium materials. These are a group of new and solid-of-the-art materials now 
being developed that will have a significant influence on many of our technologies. The 
adjective "smart" implies that these materials are able sense changes in their 
environments and then respond to these changes in predetermined manners - traits that 
are also found in living organisms. In addition, this "smart" concept is being extended 
to rather sophisticated systems that consist of both smart and traditional material, 
molecular and nanotechnology thrust area encompasses a broad variety of res 
areas with the use of smart materials. Some of them are used in smart drug deliver}', 
gels and mucus, smart sutures, smart car ethers, chemical and biological operations, 
membranes, biochips - a revolution in polymer computer technologies. Components of 
a smart material (or system) include some t}'pe of sensor (that detects an input signal), 
and an actuator (that performs a responsive adaptive function). 
Nanomaterials: With the advent of scanning probe microscopes which permit 
observation of individual atoms and molecules, it has become possible to manipulate 
and move atoms and molecules to fonn new structures and, thus, design new materials 
that are built from simple atomic level constituents (i.e. "materials by design"). This 
ability to carefully arrange atoms provides opportunities to develop mechanical, 
electrical, magnetic, and other properties that are not otherwise possible. We call this 
the "bottom-up" approach, and the study of the properties of these materials is temied 
as nanotechnology. 
1.1.3. Composite Materials 
Many of our modem technologies require materials with unusual combinations 
of properties that cannot be met by the conventional metal alloys, ceramics, and 
polymeric materials. Material property combinations and ranges have been, and are yet 
being, extended by the development of the composite materials. Generally speaking, a 
composite is considered to be any multiphase material that exhibits a significant 
proportion of the properties of both constituent phases such that a better combination of 
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properties is realized. According lo the principle of combined action, better property 
combinations are fashioned by the judicious combination two or more distinct 
materials. 
A composite, in present context, is a multiphase material that is artificially made, 
as opposed to one that occurs or forms naturally. In addition, the constituent phases 
must be chemically dissimilar and separated by a distinct interface. In designing 
composite materials, scientists and engineers have ingeniously combined various 
metals, ceramics, and polymers to produce a new generation of extraordinary materials. 
Most composites have been created to improve combinations of mechanical 
characteristics such as stiffness, toughness, and ambient and high temperature strength. 
1.1.3.1. Classification of Composite Materials 
Many composite materials are composed of just two phases; one is tem\ed the 
matrix, which is continuous and surrounds the other phase, often called the dispersed 
phase. The properties of composites are a function of the properties of the constituent 
phases, their relative amounts, and the geometry of the dispersed phase {i.e. the shape 
of the particles and particle size, distribution, and orientation); these characteristics are 
represented in Fig. 1.1. 
One simple scheme for the classification of composite materials is shown in Fig. 
1.2, which consists of three main divisions - particle-reinforced (dispersed phase is 
equiaxed, i.e., particle dimensions are approximately the same in all directions), fiber-
reinforced (dispersed phase has the geometry of a fiber and structural composites 
(combinations of composites and homogeneous materials). 
Dispeised 
phase 
(a) 
(d) 
(b) (c) 
fe) 
Fig. 1.1. Schematic representations of the various geometrical and spatial 
characteristics of particles of the dispersed phase that may influence 
the properties of composites: (a) concentration, (b) size, (c) shape, 
(d) distribution, and (e) orientation. 
Particle-reinforced 
Large- Dispersion-
particle strengthened 
Composites 
Fiber-reinforced 
I 
Continuous Discontinuous 
(aligned) (short) 
Structural 
I 
Laminates Sandwich 
panels 
Aligned Randomly 
oriented 
Fig. 1.2. A classification scheme for the various composite types. 
As noted in Fig. 1.1, large particle and dispersion-strengthened composites are 
the two subclassifications of particle-reinforced composites. The distinction between 
these, is based upon reinforcement or strengthening mechanism. The term 'large' is 
used to indicate that particle - matrix interactions cannot be treated on the atomic or 
molecular level. Some polymeric materials to which fillers have been added are really 
large-particle composites. Again, the fillers modify or improve the properties of the 
material and/or replace some of the polymer volume with a less expensive material -
the filler. In dispersion-strengthened composites, materials may be strengthened and 
hardened by the uniform dispersion of several volume percent of fine particles of a ver}^  
hard and inert material. The dispersed phase may be metallic or nonmetallic; oxide 
materials are often used. Again, the strengthening mechanism involves interactions 
between the particles and dislocations within the matrix, as with precipitation 
hardening; and the strengthening is retained at elevated temperatures and for extended 
time periods because the dispersed particles are chosen to be unreactive with the matrix 
phase. 
Technologically, the most important composites are those in which the dispersed 
phase is in the form of a fiber. Design goals of fiber-reinforced composites (for those 
the potential for reinforcement efficiency is greatest) often include high strength and/or 
stiffness on a weight basis. These composites with exceptionally high specific strengths 
and moduli have been produced that utilize low-density fiber and matrix materials. As 
noted in Fig. 1.2, fiber-reinforced composites are subclassified by fiber length. For 
short fiber composites, the fibers are too short to produce a significant improvement in 
strength. On the basis of diameter, fiber reinforcements are classified as whiskers, 
fibers, or wires. These types of composites are sometimes classified according to matrix 
type; viz. polymer-, metal-, and ceramic-matrix. Polymer-matrix are the most common, 
which may be reinforced with glass, carbon, and aramid fibers. Service temperatures 
are higher for metal-matrix composites, which also utilize a variety of fiber and whisker 
types. The objective of many polymer- and metal-matrix composites is a high strength 
and/or specific modulus, which requires matrix materials having low densities. With 
ceramic-matrix composites, the design goal is increased fracture toughness. Other more 
advanced composites and promising engineering materials are carbon-carbon (carbon 
fibers embedded in a pyrolyzed carbon matrix) and the hybrids (containing at least two 
different fiber types). 
A structural composite is normally composed of both homogeneous and 
composite materials, the properties of which depend not only on the properties of the 
constituent materials but also on the geometrical design of the various structural 
elements. Laminar composites (composed of two-dimensional sheets or panels that 
have a preferred high strength direction) and sandwich panels (consist of two strong 
and stiff sheets, or faces, separated by a layer of less dense material, or structure, or 
core, which has lower stiffness and lower strength). 
1.1.3.2, ^Organic-Inorganic'Composite Materials 
Composite materials formed by the combination of inorganic materials and 
organic polymers are attractive for the purpose of creating high-perfonnance or high 
fimctional polymeric materials. Of particular interest is the molecular level combination 
of two different components that may lead to new composite materials that are expected 
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to provide many possibilities, termed "organic-inorganic hybrid" materials. These 
hybrid materials usually show properties intermediate between those of plastics and 
glasses (ceramics). Accordingly, hybrids can be used to modify organic polymer 
materials or to modify inorganic glassy materials. In addition to these characteristics, 
the hybrid materials can be considered as new composite materials that exhibit veiy 
different properties from their original components (organic polymers and inorganic 
materials), especially in the case of molecular level hybrids. In other words, hybrid 
materials should be considered as next-generation composite materials that will 
encompass a wide variet}' of applications. Recently, new methods of preparing these 
hybrid materials have been reported. Some improvements of the properties or 
modifications of these materials have also been explored from the viewpoint of 
industrial applications. 
The concept of 'molecular level mixing' bet^ veen two different materials can 
also be considered. Since the late 1980s, molecular level combination between organic 
polymers and inorganic materials has been of interest. Review articles concerning 
hybrid materials have been reported by Saegusa and Chujo [9], Sanchez and co-workers 
[10, 11], Schubert et al. [12], Novak [13], Loy and Shea [14], Mark [15], and others 
[16]. During this period, the study of organic-inorganic hybrid materials focused on the 
following points: firstly, exploration of new preparative methodology for hybrid 
materials; secondly, new combinations between different materials; thirdly, 
functionalization of hybrid materials; and fourthly, modifications of hybrids for 
industrial applications. It is necessary to point out some important composite materials 
that are believed to have evolved and will result in interesting molecular hybrid 
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materials in the near future. 
Hybrid macromonomers: Silsesquioxane-organic copolymers can be thought of 
as the models of silica-reinforced hybrid materials. These products are regarded as 
hybrid macro monomers [17]. 
Heteropolysiloxanes: Silica, alumina, titania and zirconia are the most popular 
inorganic components for hybrid materials due to their commercial availability as 
alkoxide precursors and also to the feasibility of the sol-gel reaction. An example of 
organic ftinctionalization of silica gel by a sol-gel method is the preparation of 
transparent monolithic gels by the reaction of diethylphosphato ethyltriethoxysilane and 
tetraethoxysilane [18]. Because organophosphorous moieties can efficiently extract 
many types of metal ions, the hybrid materials containing phosphoryl groups can be 
applied in the preparation of facilitated transport membranes. 
Surfactant templates: The addition of the surfactant, hexadecyl trimethyl 
ammonium bromide at the stage of sol-gel reaction plays an important role (controls the 
size of the pores) in the formation of hybrid mesoporous silica with controlled 
functionality and hydrophobicity after extraction with water, might open up new 
avenues for catalysis or for organic-inorganic host-guest chemistry [19]. 
Heterogeneous biocatalysts: The entrapment of lipases in hydrophobic sol-gel 
materials resulted in the formation of highly active, stable and reusable heterogeneous 
biocatalysts [20]. 
Structure of colloidal silica-poly (methyl methacrylate) composites: Composite 
materials of silica and organic polymers are widely employed as structural materials for 
their properties of high strength and low density. The silica surface can be modified 
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with silane coupling agents, which improve adhesion between the filler and organic 
polymers [21]. At least 85% of the methacrylate groups coploymerizrd with methyl 
methacrylate to cross-link the silica into the composites. 
Viterophohic colloids: A new approach was reported [22] using silane-coupling 
agents (such as 3- aminopropyltrime -hoxysilane) as surface primers, which are known 
to complex strongly with gold metal. This method can be applied to other kinds of 
colloids that have typically been difficult to coat with silica, such as silver, copper and 
semiconductor particles. 
Abrasion-resistant materials: High abrasive resistance can be attributed to the 
Si - 0 - Si inorganic backbone structure of the hybrids along with the high level of 
cross-Unking. These abrasion-resistant hybrid materials have been prepared by the sol-
gel method using tetramethoxysilane or tetraethoxysilane in the presence of low 
molecular weight organics such as diethylenetriamine, 3,3'-iminobispropyIamine, 
glycerol, ethylene glycol, butanediol, hexanediol, and resorsinol [23]. 
Low volume shrinkage: Recently, polyacrylate-silica hybrids were prepared by 
sol-gel reactions using silicates having a polymerizable acrylate monomer moiety, in 
which the volume shrinkage was significantly reduced [24-26]. 
Fiber-reinforced polymer hybrids: The interlaminar shear strength and flexural 
strength of the silane-treated composites increased in comparison with the untreated 
one [27]. Silver powder has also been used as filler for polypropylene composites to 
improve mechanical properties, such as tensile and flexural propeities, or impact 
strength [28]. 
Hybrid sensors: Organic or inorganic semiconductors have been reported to 
12 
change their conductivities when exposed to a variety of organic and inorganic vapors. 
Thus, these materials can be expected to behave as sensors. Composite materials of tin 
dioxide and derivatives of the conducting polypyrrole [29] gave reversible changes in 
electrical resistance at room temperature when exposed to a range of organic vapors 
[30]. Composites containing 2.5% polymer by mass were fabricated and exposed to low 
concentrations of ethanol, methanol, acetone, methyl acetate and ethyl acetate vapors 
[31,32]. The composite materials were found to give more significant and reversible 
decreases in electrical resistance in comparison with sensors constructed solely of tin 
dioxide or polypyrrole. These materials could be used in the quality control of 
foodstuffs, especially in the early detection of soft rot in potato cubers. Preformed 
polypyn^ole and polythiophene were incorporated into clay (montmoriillonite) by the 
interaction of colloidal nanoparticles of the polymers with the colloidal, layered host 
[33]. This method using a colloid-colloid reaction [34], might provide a general route to 
incorporation of interactable polymers within layered host structures that can be 
exfoliated, such as smeccice clays [35], metal disulfides, and some metal oxides. These 
materials have potential to be used as hybrid sensors. 
Furthermore, in recent years, a number of new and novel organic-inorganic 
composites were prepared by a lot of research workers using different methods and 
have been reported in numerous articles and reviews [36-58]. 
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1.2, ION-EXCHANGE PROPERTIES OF MATERIALS 
1.2.1. Ion-Exchange Phenomenon & Its Historical Background 
Ion-exchange occurs on a continual basis in many natural phenomena. The 
biochemistry of the human body and of plants and many other natural processes depend 
upon ion-exchange. Ions are charged species that carry a positive or a negative charge; 
in this state, they are stable and are attracted to the oppositely charged species. Because 
the activation energy for the exchange is small in liquid media, ca. 21 kJ mof' (5 kcal 
mol'') [59], ions are very mobile when solvaied and move with relative ease from one 
oppositely charged ion to another. The size of the ion, its propensity to solvate and 
carry large numbers of solvent molecules, and its environment greatly influence its 
mobility [60]. 
The phenomenon of ion-exchange is not of a recent origin. Many million years 
ago it had occurred in various sections of the globe. For example, some ions like 
potassium and lithium of patalite of pegmatite veins had been replaced with rubidium 
and cesium ions of step wisely fluid from the maga. This is nothing but ion-exchange 
phenomenon between minerals like patalite (solid phase) and fused salt fluid (liquid 
phase) [61]. It is well known that ion-exchange has been playing very important roles 
during the course of weathering; aqueous rocks, clay rocks and soils being very 
effective ion-exchangers. Since life had been created in the sea, ion-exchange through 
bio-membranes between living organs and outside matters has been giving the essential 
motive forces to life and its evolution. The earliest of the references were found in the 
Holy Bible establishing Moses' priority that succeeded in preparing drinking water 
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from brackish water [62], by an ion-exchange method. Later on, Aristotle found the 
seawater loses part of its salt contents when percolated through certain sand [63]. In 
Egypt and Greece as well as in China, ancient people were clever enough to use some 
soils, sands, natural zeolites and plants as the tools for improving the quality' of drinking 
water by way of desalting or softening. However, they were not aware of the actual 
phenomenon occurring in the process. Basically, ion-exchange is a process of nature 
occurring throughout the ages before the dawn of civilization, has been embraced by 
analytical chemists to make use of difficult separation easier and possible. 
Francis Bacon in 1623 brought the intentional use of ion-exchange, without 
knowledge of its theoretical nature, based purely on empirical experiences and he 
described a method for removing salts from seawater. At the end of 18th centuty, 
Lowitz purified sugar beet juice by passing it through charcoal. De Saussure drew the 
first qualitative conclusions at the beginning of 19th century. The first half of the 19th 
century was characterized by the appearance of the first information leading to the 
discovery of the ion exchange principle, based primarily on the work of soil chemists. 
Gazzari (1819) found that soil and, especially clay retain dissolved fertilizer particles. 
Sprengel in 1826 stated that humus frees certain acids from soil. Thompson, Spence and 
Way in 1850 described independently that calcium and magnesium ions of certain types 
of soils could be exchanged for potassium and ammonium ions [64,651. They defined 
the special properties of soil as 'base exchange'. In the second half of the 19th century, 
agro chemists published a great number of papers dealing with ion exchange in soils. 
Eichhorn (in 1858) demonstrated exchange processes are reversible in soils [66]. In 
1859, Boedecker proposed an empirical equation describing the establishment of 
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equilibrium on inorganic ion-exchange sorbents. In the 20th century, the majority 
chemists believed that the 'base exchange' in soils is nothing but a sort of absorption. 
Strong supports to ion exchange come out with the synthesis of materials from clay, 
sand and sodium carbonate by Gans [67]. 
The discovery and development of the theory of ion exchange was reflected in 
practical applications. The aluminum based synthetic zeolites was first prepared in 1903 
by Harms and Rumpler to purify beet syrup [68]. Cver, who developed the methods and 
theoretical basis-of adsorption chromatographic analysis in 1906. Gans [67] developed 
the basis for the synthesis and technical application of inorganic cation exchangers at 
the beginning of the 20* century. He termed the amorphous cation- exchangers based 
on aluminosilicate gels "pemiutites", having broad application, were actually the first 
commercially available ion-exchangers. In 1917, Folin and Bell developed an anal>'tical 
method based on these materials for the separation and collection of ammonia in urine 
[69]. However, the usefulness of these synthetic zeolites was limited because of their 
low chemical and mechanical stability, ion-exchange capacity that led the chemists to 
seek alternatives. During the period between the 1930s and 1940s, inorganic ion-
exchange sorbents were replaced in almost all fields by the new organic ion-
exchangers. The observation of Adam and Holms [70] that the crushed phonograph 
records exhibit ion-exchange properties, eventually resulted in the more significant 
development of synthetic ion-exchange resins (high molecular weight organic polymers 
containing a large number of ionic functional groups) in 1935. No scientist could then 
neglect ion-exchange phenomenon. However, it took nearly 85 years for the ion-
exchange phenomenon to be fully recognized in chemistry since its scientific finding 
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and understanding by Thompson and Way. 
The water purification business was started in Japan in 1915 when a prominent 
industrialist M. Masunari of Japan imported the patents of Gans and his group. Later on 
the use of copolymer type ion-exchangers such as Amberlites resins was started in 
U.S.A. although at first the ion-exchangers were mostly used for water softening, but 
soon they were widely employed in many other fields such as analyses and preparative 
works. 
Just as applications of the organic resins are limited by breakdown in aqueous 
systems at high temperatures and in presence of high ionizing radiation doses; for these 
reasons there had been a resurgence of interest in inorganic exchangers in the 1950s. 
One of the possible ways of solving these problems involved replacing the organic 
skeleton of the ion-exchanger by an inorganic skeleton. Pioneering work was carried 
out in this field by the research team at the Oak Ridge National University led by 
Kraus, and by the English team led by Amphlett. Potentially suitable ion-exchange 
sorbents that were studied included not only the oxides, hydrated oxides and insoluble 
salts of polyvalent elements, but also the salts of heteropolyacids, hexacyanoferrates, 
aluminosilicates and zeolites. 
Further extensive research and study of inorganic ion-exchange sorbents were 
.carried out in the 1960s and 1980s. Research led from the original amorphous type of 
ion-exchange sorbents to the study of crystalline ion-exchange materials. Great 
contributions were made in this area by Clearfield and co-workers. Since last two 
decades, intense research has continued on the synthesis of a number of new 'organic-
inorganic' composite materials having excellent properties that not only met the 
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requirements of modern laboratories but also led to solution of previously insolvable 
problems. An interest of inorganic as well as composite ion-exchange materials in ion-
exchange operations in industries is increasing day by day as their field of applications 
is expanding. 
From a contemporary point of view, the development of ion-exchangers and 
sorbents can be divided into several periods: 
> Up to 1850, i.e. the period of the first experimental observations and information. The 
principle of ion exchange had not yet been discovered. 
> The period from 1850 to 1905, characterized by discovery of the principle of ion 
exchange and the first experiments in the technical utilization of ion exchangers. 
> The period from 1905 to 1935, characterized by the use of inorganic ion-exchange 
sorbents and modified natural organic materials. 
> The period of artificial organic ion exchangers (1935 to 1940), characterized by rapid 
development of these materials. Inorganic ion-exchange sorbents were almost 
completely eliminated from all applications. 
> The period from the mid-1940s to the present, characterized both by the continued 
development of artificial organic ion exchangers and by a renaissance in inorganic ion-
exchange sorbents and their practical application. 
> Recently, for few decades the latest development in this discipline has been carried out 
with the conversion of inorganic ion-exchange materials into composite (hybrid) ion-
exchangers by incorporating organic polymers. 
1.2.2. Ion-Exchange Process and Its Mechanism 
The ion-exchange process became established as an analytical tool in 
laboratories and in industries, as it was studied chiefly by practical chemists interested 
in effects and performance etc. The primary condition of an ion-exchange process is the 
stoichiometry. In organic resins, it is an established fact [71]. The exchange of ion takes 
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place stoichiometrically, really by the effective exchange of ions between two 
immiscible phases, stationary and mobile. A typical ion-exchange reaction may be 
represented as follows and can also be represented as shown in Fig. 1.3: 
AX + B(aq) < = • BX + A (aq) 1.1 
where A and B (taking part in ion exchange) are the replaceable ions, and X is the 
structural unit (matrix) of the ion-exchanger. Bar indicates the exchanger phase and 
(aq) represents the aqueous phase. 
INITIAL STATE EQUILIBRIUM 
= : S ^ Matrix with fixed charges W (§/Counter ions ( z ) Co-ions 
Fig. 1.3. Ion-exchange with a solution (schematic). 
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Ion-exchange process apart from special case is reversible, i.e. it can be reversed 
by suitably changing the concentration of the ions in the solution. The process is, in 
many respects, analogous to adsorption process but is not exactly the same. Inorganic 
ion-exchangers show an adsorption phenomenon (adsorbent takes up dissolved 
substances without releasing others into solution) in addition to the nonnal ion-
exchange process on their surface because of the inorganic nature of the matrix. 
However, the two processes cannot be entirely separated in practice and they may be 
accompanied each other, particularly in inorganic ion-exchangers. Using two methods 
can carry out ion-exchange process: batch method and column method. But the 
dynamic ion-exchange separation is carried out by the column method. The ion-
exchange column chromatography is the best for the separation of metal ions. If a 
mixture of two or more different cations (A & B) is passed through the ion exchange 
column and the quantities of ions are small as compared with the total capacity of the 
column for ions, then it may possible to recover the adsorbed ions separately and 
consecutively but using a suitable regenerating (or eluting) solution. 
In order to describe equilibria and to understand the mechanism of an ion-
exchange process occurring on the surface of exchanger and to evaluate its theoretical 
behavior, it is important to have a study of its kinetics and thermodynamics. Since 
inorganic ion-exchangers possess a rigid matrix they do not swell appreciably and 
hence such studies are simpler to perform on them as compared to the organic resins 
that swell appreciably. An ion-exchange equilibrium may be described by two 
theoretical approaches viz. (i) Based on law of mass action, and (ii) Based on Donnan 
theory. 
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From the theoretical point of view the Donnan theory has an advantage of 
permitting a more elegant interpretation of thermodynamic behavior in an ion-
exchanger. Probably, the first time, quantitative foraiation of ion-exchange equilibria 
was made by Gane [72] using the mass action law in its simplest form without 
involving the concept of activity coefficients. This concept was further accounted by 
Kielland [73] and finally, a suitable choice of general treatment was given by Gaines 
and Thomas [74]. Many workers have studied the thermodynamics of cation-exchange 
on zirconium (IV) phosphate [75-78]. In a series of papers, the effect of crystallinity on 
the thermodynamics of ion exchange of alkali metal ions/H"^  ions on the samples of a -
zirconium phosphate was examined. Ion-exchange isotherms and calorimetric heats of 
exchange were determined on samples varying from amorphous to highly crystalline 
[79-83]. 
However, from the practical point of view, the mass action approach is simpler. 
Nancollas and coworkers [84,85] have interpreted the thermodynamical functions in 
term of the binding nature between alkali metals and the ion exchange matrix. The ion-
exchange equilibria of Li(I), Na(I) and K(I) on zirconium (IV) phosphate have also 
been studied by Larsen and Vissers [86] who calculated the equilibrium constants and 
other thermodynamical parameters viz. AG°, AH° and AS .^ Similar studies have been 
made on anion-exchanger also [87]. Ion-exchange equilibria of alkaline earth metal ions 
on different inorganic ion-exchangers such as tantalum arsenate [88], iron(III) 
antimonate [89], antimony(V) silicate [90,91], zirconium(IV) phosphosilicate [92,93] 
and alkali metal ions on iron (III) antimonate [94] and a -cerium phosphate [95]. Other 
interesting thermodynamic studies relate to the adsorption of pesticides on inorganic 
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and composite ion-exchangers have also been studied in these laboratories [96,97]. The 
study has revealed that the adsorption is higher at lower temperature and the presence 
of an ion-exchange material in soil greatly enhances its adsorption capability for the 
pesticides. 
Nachod and Wood [98] have made the first and detailed attempt on kinetic 
studies of ion-exchange. They have studied the reaction rate with which ions from 
solutions are removed by a solid ion-exchangers or conversely the rate with which the 
exchangeable ions are released from the exchanger. Later on Boyd et al. [99] have 
studied the kinetics of metal ions upon the resin beads and have given a clear 
understanding about the particle and film diffusion phenomenon that govern the ion-
exchange processes. The former is valid at higher concentrations while the later at 
lower concentrations. The kinetic of metal ions on sulphonated polystyrene has been 
studied by Reichenberg [100] who again confimied that at high concentrations the rate 
is independent of the ingoing ion (particle diffusion); while at low concentrations the 
reverse is true (film diffusion). 
1.2.3. Separation Methods and Chromatographic Techniques 
It is of primary concern for an analytical chemist to separate different 
constituents of a sample prior to chemical analysis. Besides the classical separation 
methods such as fractional distillation, extraction, filtration, selective precipitation, 
osmosis, reverse osmosis, cr}'stallization, dialysis, diffusion etc. which involves long 
and complicated operation (consequently are not classified as instrumental methods), 
chromatography and especially ion-exchange chromatography (one of the instrumental 
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separation methods) have been emerged as a most useful and versatile analytical 
technique. They have played a significant role in identification, separation and 
quantitative determination of ionic and non-ionic species and purification of chemical 
compounds. 
The resolution of mixtures into their components is important in all branches of 
chemistry and no less so in the many other fields where chemical techniques are 
employed in solving a wide variety of problems. In this connection, the significance of 
chromatography can scarcely be overstated. Utilizing chromatographic methods, 
separation in many cases are accomplished much more rapidly and effectively than 
before, and many separations which would never have been attempted by other 
techniques are routinely successful. Although the term 'chromatography^ is derived 
from Greek words meaning 'color' and 'write', the color of the compounds is obviously 
incidental to the separation process. The historical development of chromatography 
technique has followed a winding path. Hence, it would be difficult to give due credit to 
many others contribution to this field. 
To mention. Days experiments [101] were indeed successflil when he passed a 
crude oil through a layer of finely pulverized fuller's earth. The first fraction was very 
similar to high petroleum fraction obtained by distillation. Heavier oils followed and then 
petroleum jelly. The term 'chromatography' is attributed to Michael Twsett, a Russian 
botanist who in 1906 first described the separation of colored leaf pigments using Calcium 
Carbonate powder as adsorbent in a column. About 25 years elapsed before Kuhn, 
Winter stein and Lederer [102] virtually rediscovered the method. Techniques such as 
displacement development, frontal analysis and elution chromatography were later 
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developed by Tiselius and others [103]. In 1941, Martin and Synge made their historical 
discovery of liquid-liquid partition chromatography [104]. After a period of ten years, 
Martin and James demonstrated a new analytical technique called Gas-liquid 
chromatography [105]. In 1951, Krichner [106] has introduced thin layer chromatography. 
By definition, chromatography is a technique in which flow of solvent or gas 
promotes the separation of a mixture into its components by differential migration from a 
narrow initial zone in a porous sorptive medium. Kenleman's [107] definition serves as 
well as any: "Chromatography is a physical method of separation, in which the 
components to be separated are distributed between two phases, one of these phases 
constituting a stationary bed of large surface area, the other being a fluid that percolates 
through or along the stationary bed. " The stationary phase may be either a solid or a 
liquid, and the moving phase may be either a liquid or a gas. 
Even though chromatography is a universal technique but can be classified on 
the basis of the type of equilibration process involved which is governed by the t}'pe of 
stationary phase. Various bases of equilibration are: sorption (sorption 
chromatography), distribution (paitition chromatography), ion exchange {ion exchange 
chromatography) and penetration (size exclusion chromatography) etc. 
In sorption chromatography, the stationary phase is a solid on which the 
sample components are adsorbed. Depending on the type of mobile phase it can fiirther 
be divided into liquid-solid chromatography {LSQ and gas-solid chromatography 
{GSQ or gas chromatography (GQ where the mobile phase is liquid and gas 
respectively. Thin layer chromatography (TLC) is a type of liquid-solid 
chromatography in which stationary phase is a solid, supported on an inert plate in 
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plane. The sample components distribute between two phases through a combination of 
sorption and desorption processes. 
The stationary phase of partition chromatography is a liquid supported on an 
inert solid. Again the mobile phase may be a liquid {liquid-liquid partition 
chromatography, LLC) or a gas (gas-liquid chromatography, GLC). The subdivisions 
of liquid-liquid chromatography are column chromatography in which the liquid held 
stationary by inert solid in column and paper chromatography when it is on sheets of 
paper. Electrophoresis (e.g. capillary and zone electrophoresis), in which an electrical 
gradient is applied across the sheet to cause molecules to migrate according to the sign 
and magnitude of their charge, is an advanced form of chromatography. 
Liquid chromatography (LC) refers to the chromatography technique in which 
mobile phase is liquid such as liquid-solid sorption chromatography (LSC) and column 
chromatography. This has been extensively used for the fractionation and separation of 
organic mixtures both preparative and analytical purposes. Since the day of its 
discovery, advances in theoretical interpretation, modernization of the technique and 
diversified application continued to rise. 
One of the major attributes of LC over gas chromatography arises from the 
participation of the mobile phase in the equilibrium distribution of elute molecules. Ion 
pair formation between the elute molecules and oppositely charged counter ions is 
assumed to enhance the retention of compound. Because anionic, cationic and zwitter 
ionic molecules can undergo ion-pair formation with appropriate counter ionic reagents 
- the use of ion pairing reagents has expanded the scope of ion-pair chromatography. 
This method permits the rapid, selective separation ionizable molecules, drugs, 
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biogenic amines, dyestuffs etc. and amenable to both micro analytical and preparative 
use [108,109]. 
Although classical open column LC is still a widely used technique, modem high 
performance liquid chromatography (HPLC) has become the standard teclmique for 
column separation because of its increased speed, resolution, sensitivity and 
convenience for quantitative analysis. There is no difference in the basic mechanism 
involved; only the apparatus employed and the practice of the technique are different. 
The versatility of the technique has led the publication of numerous books and review 
articles dealing with its theory, instrumentation application [110,111]. A major 
advantage of HPLC over other chromatographic techniques is it s ability to analyze 
non-volatile, ionic, thermally labile and even biologically active compounds rapidly. It 
has been especially useful in the separation of drugs and their metabolites and in the 
analysis of such normal constituents of cells as steroid nucleotides [112-114]. Finally 
mass spectrometer and stopped flow UV scarming technique online with HPLC have 
been applied in identification of peaks in complex biological mixture to eliminate the 
errors of post chromatographic sample handling [115]. 
Ion-exchange chromatography, a powerful tool for chemical separations, was 
the first of the various liquid chromatography methods to be used under modem LC 
conditions. The wide scope of this technique is the product of the labors of many 
people. It has grown in response to practical needs. Most environmental samples have 
complex composition, thus separation and preconcentration of analytes are essential for 
accurately as well as precisely trace determination of elements in environmental 
samples. Ion-exchange chromatography is an excellent technique that permits selective 
26 
separation by the appropriate combination of ion-exchanger and eluent. Cokimns of 
ion-exchange materials have been extensively used for the separation of amino acids, 
inorganic ions (especially rare earths), multi-components of alloys, heavy metals in 
industrial effluents and fission products of radioactive elements [116,117]; as well as 
organic ions and organic compounds that are not ionized at all. 
Ion-exchange chromatography uses an ion-exchange material as stationary phase 
and in size exclusion chromatography separation takes place as a function of the size of 
the porous media, used as stationaiy phase. These are actually arbitraiy classification of 
chromatography and some types of chromatography are considered together as a 
separate technique. 
1.2.4. Ion-Exchange Materials: An Introduction and Literature Review 
The ultimate aim of an analytical chemist in the synthesis of any material is to 
explore its analytical applications. Ion-exchange materials have many applications in 
analytical chemistry. They can be used to prevent unwanted substances from reaching and 
underlying surface, to preconcentrate an analyte for analysis and to design more selective 
and sensitive materials for trace analysis. In general, one can say that whichever pair of 
the element one chooses from the periodic system (except the inert gases) they can be 
separated by using ion-exchangers. Not only control the laboratories of atomic power 
stations but also many different industrial laboratories are now unimaginable without the 
use of ion-exchangers. These materials are particularly important in rapid technical 
analyses. Classical methods of analysis are characterized by long and complicated 
separation operations (precipitation, filtration etc.), but using ion-exchangers separation 
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can be carried out with a smaller amount of sample within a shorter time and the 
components can be subsequently detemiined using rapid instrumental or titrimetric 
methods. The present large and year by year increasing literature on ion-exchangers shows 
the great importance of these substances. Furthermore, not only the fields of application 
increasing, but the new ion-exchange materials afford new opportunities for both chemists 
and analysts. 
Many natural and synthetic substances are capable of ion-exchange. For 
technical purpose, however only those substances that have adequate mechanical and 
chemical properties are suitable. These materials may be broadly classified as 'organic 
ion-exchangers' or 'inorganic ion-exchangers' depending on the nature of matrix of 
which it is made up. These materials are usually insoluble solid substances (large 
molecular polyelectrolytes) having porous structures or immiscible liquids (in case of 
liquid ion-exchangers, which can take up ions of positive or negative charge from an 
electrolyte solution and release other ions of like charge into the solution in an 
equivalent amount. According to the charge of the exchangeable ions the material may 
be either a 'cation-exchanger' (consists of a matrix carrying a negative charge) or an 
'anion-exchanger' (consists of a matrix carrying a positive charge). The ions opposite 
to the charge of the matrix are called counter ions. A material capable of exchanging 
both the cations and anions are termed as 'amphoteric ion-exchangers'. 
The real utility of an ion-exchanger depends largely on its ion-exchange 
characteristics. Ion-exchange capacity (lEC), concentration and elution behavior, pH-
titrations, and distribution behavior are some of the properties that constitute the ion-
exchange characteristics of a material. The ion-exchange capacity depends upon two 
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factors: (1) hydrated ionic radii and (2) selectivity. As the hydrated ionic radius 
increases, the ion-exchange capacity decreases because the exchange now becomes 
more difficult. The selectivit)' of an ion-exchanger is affected by the nature of its 
functional group and by the degree of its cross-hnking. Ion exchangers containing 
groups that are capable of complex formation v/ith some particular ion will adsorb these 
ions more strongly. If the degree of cross-linking increases the exchanger becomes 
more selective in its behavior towards ions of different sizes. An increase in cross-
linking also decreases the swelling of the exchanger. The eiution of H"^  ions from a 
column depends on the concentration of the eluant. An optimum concentration of the 
eluant necessary for a maximum eiution of H"^ -ions depends upon the nature of the 
ionogenic groups present in the exchanger, which in turn, depends upon the pKg values 
of the acids used in its preparation. 
The efficiency of an ion-exchanger depends on the following fundamental 
properties of the materials: 
• Equivalence of exchange. 
• Selectivity or affinity preferences of the exchanger for one ion relative to another, 
including cases in which the differing affinities the ions are modified by the use of 
complexing or chelating agents. 
• Donnan exclusion - the ability of the resin to exclude ions but not the undissociated 
substances, in general. 
• Screening effect - the inability of very large ions or polymers to be adsorbed to an 
appreciable extent. 
• Differences in migi'ation rate of adsorbent substances down a column - primarily a 
reflection of differences in affinity. 
• Ionic mobility restricted to the exchangeable ions and counter ions only. 
• Miscellaneous - swelling, suiface area and other mechanical properties. 
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The stability of the ion-exchangers is affected by their synthesis. The ion-
exchange stabiUty becomes especially evident in change of the volume exchange 
capacity, the loss in ionogenic groups, swelling changes, in the formation of new 
groups (especially weakly acidic) or in the destruction of the resin skeleton to various 
degrees. Chemical stability of synthetic ion-exchangers plays an important role in their 
analytical applications. Organic ion-exchangers are usually stable in a wide pH range, 
while inorganic materials differ widely in this respect. The insoluble salts of polyvalent 
metals are highly stable even in very concentrated acids. The thennal stability of ion-
exchangers depends on the type of resin skeleton, its degree of cross-linking, and the 
type of ionogenic group and their counter ions. The polymer materials of organic resins 
break down at elevated temperatures, with a concomitant decrease in their exchange 
capacity. In contrast, inorganic sorbents are very stable at elevated temperatures. Due to 
the swelling ability of the ion-exchangers there is no substantial difference between the 
degradation of a dry or swollen sorbent. It is generally believed that inorganic ion-
exchangers are resistant to radiation. Organic resins are very sensitive to exposure to 
high radiation doses, which cause significant changes in their capacit)' and selectivity. 
Organic ion-exchangers are highly mechanically stable and can be prepared with 
defined grain size, are resistant to abrasion, and are thus useful for use in packed 
columns. In contrast, inorganic ion-exchange sorbents exhibit poor hydrodynamic 
properties and are difficult to prepare in the form of particles with an acceptable 
particle-size distribution. 
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1.2.4.1, Organic Ion-Exchange Materials 
Organic ion-exchangers, commonly known as ion exchange resins, are the most 
important class of ion exchangers have dominated the field because of their uniformity, 
chemical stability and ability to control resin properties by synthetic procedures. They 
are t}'pical gels. Their framework, the so-called matrix consists of an iiTeguIar, 
macromolecular, 3-dimensional network of hydrocarbon chains. The matrix carries the 
ionic groups such as: - SO3', - COO ", - PO3 ", - ASO3 " etc. in cation-exchangers, and 
-NH3 , - NH2 , - N \ - S" etc. in anion-exchangers. Ion exchange resins thus are 
crosslinked poly electrolytes. The matrix of the resins is hydrophobic. However, the 
matrix is elastic and can be expanded. Hence the resins can swell by taking up solvent. 
An ion exchange resin particle is one single macromolecule. The framework of the 
resins, in contrast to that of the zeolites, is a flexible random network (Fig. 1.4). 
'Z-^/' Matrix with fixed charges 
("H Counter ions 
© Co-ions 
Fig. 1.4. Schematic structure of an ion-exchange resin. 
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1.2.4.2. Inorganic Ion-Exchange Materials 
The term 'inorganic ion-exchangers' is used in the title of monograph by 
Amphlett, which describes the rapid development of these materials and their 
applications in the 1950s and 1960s. The advent of nuclear technology initiated a search 
for ion exchange materials that would remain stable above 150 "C and in high radiation 
fields. Inorganic ion exchangers possess these properties retaining their lEC and 
selectivities. They exhibit higher selectivities and separation factors than their organic 
counterparts and hence have good applications in the treatment of industrial and 
radioactive wastes, and possessing of radioisotopes in nuclear technology. Further 
researches have shown that they have applications in the detection and separation of 
metal ions under ordinary conditions also. They have been found useful in the 
preparation of ion selective electrodes and as packing materials in ion cliromatography. 
Analysis of rocks, minerals, alloys and phamiaceutical products have also been made 
using these materials. Zirconium phosphate has been reported to be useful as adsorbent 
in the portable artificial kidney devices [118]. 
On the basis of chemical characteristics of inorganic ion-exchangers are 
classified as follows: 
> Hydrous oxides of metals 
> Acidic salts of polyvalent metals 
> Insoluble salts of heteropolyacids 
> Insoluble hydrated metal hexacyanoferrate (11) and (III) (ferrocyanides) 
> Synthetic zeolites (aluminosilicates) 
> Other substances with weak exchange properties 
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Hydrous oxides are of particular interest because most of them can function both 
cation and anion exchangers, and at certain conditions, as amphoteric exchangers. Their 
dissociation may be schematically represented as follows: 
M - O H > M' + OH' 1.2 
M - O H • M - 0 " + H^ 1.3 
(M represents the central atom) 
Scheme '1.2' is favored by acid conditions when the substance can function as anion -
exchanger, and scheme '1.3' by alkaline conditions, when the substance can function as 
cation-exchanger. Near the isoelectric point [119], dissociation according to both 
schemes can take place and both type of exchange may occur simultaneously. The 
hydrous oxides may be divided into two main types termed particle hydrates and 
framework hydrates [120]. Particle hydrates are both cation and anion exchangers. 
Most of the group 3,4,13, and 14 metals form hydrous oxides that belong to this group. 
Framework hydrates are generally formed by metals in groups 5 and 15 in their higher 
oxidation states. The pyrochlore nature (Fig. 1.5) of crystalline hydrous antimony(V) 
oxide exchanger was revealed by powder X-ray diffraction which was established the 
composition as (H30)2Sb206 .xHiO [120]. Layered double hydroxides (LDHs) (Fig. 
1.6) constitute an interesting and extensive class of layered compounds [121]. An 
excellent review on LDHs has been published by deRoy et al. [122]. 
Acidic salts of multivalent metals form by mixing the solutions of the salts of 
III and IV group elements of the periodic table with the more acidic salts. These salts, 
acting generally as cation exchangers, are gel like or microcrystalline materials and 
possess mostly a high chemical, thennal and radiation stabilit}'. 
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Fig. 1.5. Schematic diagram of the pyrochlore framework formed by antimonic acid, 
(H30"^ 2Sb206, showing the formation of a hexagonal shaped tunnel. Exchangeable 
HsO^ ions reside within the tunnels. 
LDHs 
J 003 
OH 
M(II),M(III) 
OH 
A'.nHjO 
B. 
OH 
M(II),M(III) 
OH 
General Formula: {M\{My,OHlJA\'Y^p 
Fig. 1.6. Schematic representation of a layered double hydroxide. (A) Top view of brucite 
layer. (B) Side view showing anions between the brucite like layers. 
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Salts of heteropolyacids have a general formula Hn,X.Yi204o. nHjO, where m = 
3, 4 or 5, X can be phosphorous, arsenic, sihcon, germanium or boron and Y, one of 
the elements such as molybdenum, tungsten or vanadium. The salts of heteropolyacids 
with small cations are more soluble in comparison to the salts with large cations. Their 
hydrolytic degradation occurs in strongly alkaline solutions. 
Insoluble ferrocyanides can be precipitated by mixing the metal salt solutions 
with H4[Fe(CN)6 ], Na4[Fe(CN)6], or K4[Fe(CN)6] solutions. The composition of such 
precipitates may depend on the acidity, order of mixing and the initial ratio of the 
reacting components. They are chemically stable in acid solutions up to a concentration 
of 2 M. Cu and Co ferrocyanides have been found to be radiation resistant. They have 
found various applications in analytical chemistiy and in technological practice because 
of their highly selective ion exchange behavior and chemical and mechanical stability. 
Amongst these the alumnosilicates, both natural and synthetic are suitable for 
technical purposes. These have been divided into three main groups: amorphous 
substances, two-dimensional layered aluminosilicates as synthetic analogues of clay 
minerals and three dimensional structures arising from a frame work of {Si04]'*" and 
[A104]^' (zeolites). Zeolites are naturally occurring cation exchangers. The general 
formula of chemical composition of zeolites is Mx/n[(Al 02)x (Si 02)y]. ZH2O, where M 
is a metal cation with a valence n, and y, x usually varies from 1 to 5. Synthetic 
aluminosilicates having a porous cross linked structure are analogous to their natural 
counter parts and hence can be classified as faujasite, mordenite, heulendite, chabazite, 
analcite, natrolite and phiUipsite like zeolites and other zeolites. The chemical formula 
of chabazite is (Ca Na2)(Si2A106)2 -61120. Calcium and sodium ions in the pores or 
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lattice channels between the lattices are exchangeable for other equally charged ions of 
similar size. Other natural substances having ion exchange properties are glaunites. 
Thus, appetite is an anion-exchanger. Synthetic silica based ion-exchangers were 
produced for technical purpose by fusing soda, potassium carbonate, feldspar and 
kaolinite (Schmaltz permutite) and later from aluminum sulfate solution containing 
sodium silicate by precipitation with sodium hydroxide solution (Gel permutite). Since 
then artificial crystalline zeolites have also been successfully synthesized. The 
advantageous properties of the ciystalline silicate based ion exchanger with the modem 
synthetic resin based ion-exchangers are as follows: they are less sensitive lo higher 
temperatures, their structure are stiff and uniform and they are therefore more selective 
and suitable for separation of ions on the basis of their different sizes. Because of this, 
some of them are now also used as ionic or molecular sieves. 
There is now enormous literature available to the ion-exchanger practitioner on 
the use of inorganic ion-exchangers. The literature review shows the materials used as 
inorganic ion-exchangers have become an established class of materials of great 
anal}4ical importance. These ion-exchangers, excluding zeolites, which are already 
heavily used, will find more use in the twenty first century. Since last forty years and so 
have seen a great upsurge in the researches of inorganic ion exchange materials, the 
main emphasis being given on the synthesis and characterization of chemically stable 
materials and reproducible in ion exchange behavior. Almost half a century of research 
on inorganic ion-exchange materials and their great development in the 1960s and 
1970s is naturally reflected in the number of monographs and reviews dealing with this 
subject. The first monograph that is also of historical importance was written by one of 
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the first research workers in the development of modern inorganic sorbents, C. B. 
Amphlett in 1964 [123], and describes the beginning of the rapid development of this 
subject. Barrer wrote an excellent monograph on contemporary zeolite and clay 
minerals. In the 1980s, the monograph of the Clearfield et al. made a great contribution 
to the understanding of the structure and mechanism of sorption processes on the acidic 
salts of multivalent metals and hydrous oxides [124]. The monograph by Nikolsky et al. 
[125] describing the work of Soviet authors was published at about the same time. 
However, books and monographs necessarily provide a long-term picture of the 
given field, while reviews give new information on the state of the art in a much shorter 
time interval. Important advances in this field have been reviewed by a number of 
workers at various stages of its development like Amphlett [126], Clearfield et al. [127-
l29lAbeetal. [130], Alberti et al. [\3\], Qureshi et al. [132,133], Fw//er [134], Vesely 
and Pekarek [135] and Varshney et al. [136-138]. Much of the older literature has been 
summarized by Szirtes in ref [139]. Dyer has dealt with the theories involved in the 
zeolite molecular sieves [140,141] that have direct relevance to the principles 
underlying the inorganic ion exchangers. The synthesis and applications of inorganic 
ion-exchangers have also been reviewed by Walton [142]. Abe [143] has collected the 
literature on selectivities that allow a rational choice for a particular separation. 
Varshney and Khan have provided a particularly useful compilation on amorphous 
inorganic ion-exchangers in ref [139]. One advantage of the amorphous ion-exchangers 
is the ability to produce durable spheres or pellets for column use. Dozens of column 
and paper chromatography separations are recorded by them. 
Insoluble polybasic acid salts of polyvalent metals have shown a great promise 
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in preparative reproducibility, ion-exchange behavior, and both chemical and thennal 
behavior. Many metals such as aluminium, antimony, bismuth, cerium, cobalt, iron, 
lead, niobium, tin, tantalum, titanium, thorium, tungsten, uranium and zirconium have 
been used for the preparation of ion-exchange materials. Also a large number of anionic 
species such as phosphates, tungstate, molybdate, arsenate, antimonate, silicate, 
telluride, ferrocyanide, vanadate, arsenophosphate, arsenotungstate, arsenomolybdate, 
arsenosilicate, arsenovanadate, phosphotungstate, phosphomolybdate, phosphosilicate, 
phosphovanadate, molybdosilicate and vanadosilicate etc. have been used to prepare 
inorganic ion-exchangers. The majority of works carried out on zirconium, titanium, 
tin, niobium and tantalum. The literature survey reveals that a good volume of work has 
been carried out on single as well as three components (salts of heteropolyacids) 
inorganic ion-exchangers of both amorphous and crystalline nature. Inorganic ion-
exchangers of double salts, based on tetravalent metal acid (TMA) salts often exhibit 
much better ion-exchange behavior as compared with single salts [124]. A 
comprehensive literature survey of two as well as three components synthetic inorganic 
ion-exchangers based on tin(IV) [144-194] and antimony(V) [195-237] as long with 
their selectivities are summarized in Table 1.1. Khan et al have published their findings 
on arsenophosphate [167], arsenosilicate [183] and hexacyanoferrate(II) [192] of 
tin(IV), and amine and silica based tin(IV) hexacyanoferrate(II) [192,193]; 
arsenophosphate [207], silicate and phosphate [238] of antimony(V) cation-exchangers. 
Different phases of these ion-exchangers have been found selective for K"^ , Cd *, Zr * 
and Th'*"*' and some kinetic and thermodynamic parameters for M"^-H^exchangers have 
also been investigated on these cation-exchangers [136,239-244]. 
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Table 1.2 
List of various inorganic ion-exchange materials based on Tin(IV) and Antimony(V) 
prepared so far and their salient features. 
s. 
No. 
Material Nature 
(I) Tin based exchangers 
1. 
2. 
J. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Stannic 
phosphate 
Stannic 
tungsto-
phosphate 
Stannic 
EDTA 
Stannic 
molybdo-
phosphate 
Tin oxide 
(hydrated) 
Stannic 
arsenate 
Stannic 
antimonate 
Stannic 
molybdate 
Stannic 
selenite 
Stannic 
tungstate 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Composition 
P:Sn=1.25-
1.50 
— 
Sn : W : P 
2 : 1 : 3.2 
Sn : Mo : P 
1 : 0.33: 2.0 
Sn/As=1.84 
— 
Sb/Sn=1.0 
Sn/Mo=1.0 
Sn/Se=1.33 
Sn/Se=1.0 
Sn/W=1.33 
Emperical 
formula 
Sn02. 
O.62P2O5. 
nHiO 
Sn02.P205. 
2H2O 
""" 
Sn02.As205. 
2H2O 
Sn02.Sb205. 
iiHzO 
[(Sn04)(OH)2 
(Se03)3. 
6H2O] 
Selectivity 
Na(I), Li(I), 
K(I), 
Rb(I), Cs(I) 
Cu(II), Zn(II), 
Ni(II), Co(ll) 
Zr(IV) 
[Fe(CN)6]'", 
[Fe(CN)6]'^-
SCN" 
Pb(II), Fe(III), 
Al(III), 
Ga(III), 
In(III) 
Li(I),Na(I), 
K(I) 
Cu(II),Ni(II), 
Co(II) 
Pb(II) 
Li(I),Na(I), 
K(I), 
Cu(II), 
Fe(III), 
Sc(III), 
La(III) 
Co(n),Ba(II), 
Ni(II),Pb(II), 
Mn(II),Cu(II), 
Sr(II) 
Refer-
ences 
[144] 
[145] 
[146,147] 
[148] 
[149] 
[150] 
[151] 
[152] 
[153] 
[154] 
[155,156] 
[157] 
[158] 
[159] 
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s. 
No. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
Material 
Stannic 
vanadate 
Stannic 
vanado 
p}Tophos-
phate 
Stannic 
ferrocyanide 
Stannic 
silicate 
Stannic 
hexa-
metaphos-
phate 
Stannous 
ferrocyanide 
Stannic 
arseno-
phosphate 
Stannic 
molybdo 
arsenate 
Stannic 
pyrophos-
phate 
Stannic 
sulfide 
Stannic 
phospho-
silicate 
Stannic 
pyro-
antimonate 
Stannic 
seleno-
phosphate 
Nature 
Amorphous 
Micro -
crystalline 
Amorphous 
— 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Composition 
S i W = 1 . 0 
Sn/Fe = 3.0 
Sn/Fe-1 .0 
Sn : As : P 
1 : 1 : 1 
— 
Sn : Mo : As 
2 : 1 : 1 
Sn : P04^" 
1 : 2 
""" 
Sn : S i : P 
2 : 2 : 3 
Sn :Se : P 
1 : 1 : 1 
Sn :Se : P 
4 : 1 : 6 
Emperical 
formula 
[(Sn(0H)3 
V3O9. 4H20]n 
[(SnO)3(OH)3. 
HFe(CN). 
3K20]n 
— 
[SnO.H4Fe 
(CN)6. 
2.5H20]n 
(Sn02)5. 
(H3P04)3 
(H3AS04). 
nH20 
Sn(HAs04) 
(HPO4). H2O 
(Sn02)2 
(Si02)2 
(H3P04). 
NH20 
— 
[(SnO)4(OH) 
(HSe03)(H2P 
04)6]n. 4H2O 
Selectivity 
K(I), 
Na(I),Li(I) 
Ag(I), Cu(II), 
Pb(II), Bi(III), 
Zr(IV) 
K(I),Ba(II), 
Na(I) 
— 
Ag(I), Pb(Il) 
Cu(II),Ni(II), 
Mg(II), 
Mn(II), 
Y(III) 
Th(IV), 
Zr(IV), 
K(I) 
— 
Zr(IV), 
Th(IV), 
Y(III), Bi(III) 
Cu(II) 
Hg(II) 
Refer-
ences 
[160] 
[161] 
[162] 
[163] 
[164] 
[165,166] 
[167,168] 
[169] 
[170] 
[171] 
[172] 
[173] 
[174] 
[175] 
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S. Material 
No. 
Nature Composition Emperical Selectivity Refer-
formula ences 
24. 
25. 
Stannic 
seleno-
pyrophos-
phate 
Stannic 
tungsto-
arsenate 
Amorphous Sn: Se :P04 (15Sn0.80H) Ag(I), Pb(IIO, [176] 
1 : 1 : 1 (IOH2P2O7.O2 Sr(II), Zr(IV) 
HSeOs). 
SnHaO 
Amorphous Sn: W: As — Ba(II), Cu(m [177] 
12: 5 : 2 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
Stannic 
antimono-
phosphate 
Stannic 
vanado-
arsenate 
Stannic 
tungsto-
selenate 
Stannic 
vanado-
phosphate 
Stannic 
tungsto-
vanado-
phosphate 
Stannic 
vanado-
tungstate 
Stannic 
arseno-
silicate 
Tin (IV) 
antimonite 
Tin (IV) 
vanado-
pyrophos-
phate 
Tin (IV) 
sulpho-
silicate 
Stannic 
hexacyano 
ferrate (III) 
Amorphous 
Crystalline 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
— 
Sn : V : As 
1.94: 1.14: 1 
Sn : Se : W 
7 : 1 : 18 
Sn :W : V : P 
1 : 1:1 :1 
Sn : V : W 
2 : 1 : 1 
Sn:Sb = 2 : l l 
— 
[(Sn02)7. 
HSeOs 
(HW04)i8. 
45H2O] 
Sn2[Sb 
(0H)6]ii. 
8H2O 
Pb(II), 
Ce(III), 
Sm(III) 
Pb(II), 
Sm(III), 
La(III) 
Ba(II) 
Th(IV), 
Ce(IV) 
Ba(II), Cu(II) 
Al(III) 
Pb(II) 
[178] 
[179] 
[180] 
[181] 
[182] 
[181] 
[183] 
[184] 
[185] 
[186] 
[187] 
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s. 
No. 
37. 
38. 
39. 
40. 
41. 
42. 
(II) A 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Material 
\ 
Stannic 
seleno-
arsenate 
Stannic 
iodo-
phosphate 
Stannic 
borato-
phosphate 
Stannic 
hexacyano-
ferrate (II) 
Amine 
based 
stannic 
hexacyano-
ferrate (II) 
Silica based 
stannic 
hexacyano-
ferrate (II) 
Nature 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
[ntimony based exchangers 
Antimonic 
acid 
Phospho 
antimonic 
acid 
Antimony 
(V) silicate 
Phospho-
rous 
antimony 
Antimony 
(III) 
molybdate 
Silicon 
antimony 
Phosphato 
antimonic 
acid 
Crystalline 
Glassy 
Crystalline 
Amorphous 
Amorphous 
— 
Composition 
Sn : Se : As 
1 : I : 1.02 
— 
Sn : Fe :Si 
5 : 4 :2 
— 
Sb/SI=l:3 
Sb/Si = 
3.00 - 5.92 
4.48-1.81 
4.83-0.35 
— 
Emperical 
formula 
— 
— 
Sb20s. 4H2O 
[SbaOs 
(H2Si03)6. 
nHzO] 
H3Sb3P20i4 
Selectivity 
Hg (II) 
— 
Hg(II) 
T1(I), Ba(II), 
Pb(II),Ce(IV), 
Th(IV) 
Cd (II), 
Cu(II), 
Hg(II) 
K(I),Li(I) 
Na(I), K(I), 
NH4(I),Ag(I) 
Rb(I) 
— 
Refer-
ences 
[188] 
[189] 
[190] 
[191] 
[192] 
[193] 
[194] 
[195-198] 
[199,200] 
[201] 
[202] 
[198] 
[203] 
[204] 
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s. 
No. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
Material 
Antimony 
ferrocyanide 
Antimony 
(V) 
phosphate 
Antimony 
(V) arseno-
phosphate 
Antimony 
phospho-
rous silicon 
Antimony 
(III) 
arsenate 
Hydrous 
antimony 
sulfide 
Molybdo 
antimonic 
acid 
Antimony 
(III) 
vanadate 
Silico-
antimonic 
acid 
Potassium 
phospho 
antimonate 
Aluminium 
antimonate 
Cerium 
antimonite 
Chromium 
antimonate 
Nickel 
antimonite 
Cobalt 
antimonate 
Fenic 
antimonate 
Lead 
antimonite 
Nature 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amoiphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Composition 
— 
Sb : As:P 
6 : 1 : 5 
Al/Sb =4.2 
Sb/Ce = 0.33 
Sb/Cr-2.95 
Sb/Fe = 2.40 
Emperical 
foraiula 
— 
(Sb205)3. 
H3ASO4 
(H3P04)5. 
H4Sb408 
(Si40,2). 
XH2O 
—-
Cr203.3Sb205. 
22H2O 
— 
— 
— 
Selectivity 
Sr(II) 
Cd(II), Hg(II) 
Cu(II), Cd(II), 
Mn(II), 
Mg(II), 
Zn(ll) 
Cd(ll), Li(Il), 
Na(I), Mg(Il), 
Sr(II), Ba(II), 
Y(III), La(III) 
-
K\ Cs" 
Ag(I), 
U02(II), 
Ba(II), Ti(IV) 
Hg (II) 
Pb(n), Co(II) 
Bi(III) 
— 
Cd(II) 
Pb(II), Cd(II) 
Refer-
ences 
[205] 
[206] 
[207] 
[208] 
[198] 
[209] 
[210] 
[210] 
[211] 
[212] 
[213,214] 
[215] 
[216,217] 
[218] 
[218] 
[219] 
[220] 
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s. 
No. 
25. 
26. 
27, 
28. 
29. 
30. 
31. 
32. 
34. 
35. 
36. 
Material 
Niobium 
antimonite 
Titanium 
antimonite 
Titanium 
antimony 
Thorium 
antimonate 
Tungsto-
antimonic 
acid 
Zirconium 
antimonate 
Zirconium 
phospho-
antimonate 
Lanthanum 
antimonite 
Tellurinium 
antimony 
Sodium 
arseno-
antimonate 
Zinc 
antimonate 
Manganese 
antimonate 
Nature 
Semi-
crystalline 
Amorphous 
Semi-
crystalline 
— 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
— 
Amorphous 
Composition 
Nb/Sb=1.40 
Sb/Ti=1.0 
— 
Sb : Th = 
3.67 - 4.27 
— 
— 
Sb / Te = 
1.93 -6.23 
— 
— 
Emperical 
fomiula 
[Nb2Sb30ii 
(0H)3. 2H2O 
H2Ti02.Sb03. 
(0H)2 
— 
— 
— 
— 
(Na3Sb3As2 
O4) 
— 
— 
Selectivity 
Mn(II) 
Rare earth 
metals 
Vo(II) 
— 
— 
Na(I), K(I), 
NH4(I), 
Rb(I) 
Hg(II),Mg(II) 
— 
— 
— 
Refer-
ences 
[221] 
[222] 
[223,224] 
[225] 
[226] 
[227] 
[228-230] 
[231,232] 
[233] 
[234] 
[235] 
[236] 
[237] 
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The inorganic ion-exchangers are particularly suited for the separation and 
concentration of radioisotopes. For example, titanium(IV) vanadate [245] and sodium 
titanium silicate (crystalline silicotitanate, CST) [246] is highly selective for Sr^ "^  ions. 
A number of separations of Cs"^  were achieved on alumina and zirconia pillard 
montmoriillonite [247], zirconium(IV) molybdoarsenate, ammonium 
molybdophosphate [248,249], CST, ammonium phospho-molybdate etc. The inorganic 
ion-exchange materials can also be used for the separation of alkali, alkaline earth and 
heavy metals as they generally have a more favorable selectivity for these metal ions as 
compared to the organic resins. Some are found to have selective affinity for a specific 
metal ion under suitable conditions and hence can be used for its isolation, sample 
containing several different metal ions. Important separations have also been carried 
from the mixture of ions using paper chromatography, electrochromatography and thin 
layer chromatography using these materials as impregnants [250,138]. Electron 
exchange phenomenon has also been observed in some of these materials such as 
zirconium(IV) molybdate and tungstate, zirconium(IV) phospho-iodate [251] etc. 
Although the promising nature of inorganic ion-exchangers has been proved 
beyond doubt in analytical chemistiy, their main drawback has been the lack of 
rigorous testing for the analysis of real samples. In most of the works, only simple 
binary and ternary separations have been tried and achieved at the laboratory level that 
is mainly of academic interest. Recently, some attempts have been reported in the 
literature in this direction. Zirconium(IV) and titanium(IV) arsenophosphate [252], and 
zirconium(IV) arsenosilicate [253] have been used for the analysis of alloys and rocks. 
Such materials have also been utilized for the separation of metal ions from some 
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antacid drugs [254] and multivitamin-multimineral formulations [255]. 
1.2.4.3. Chelating Ion-Exchange Materials 
The use of ligand or complexing agent in solution in order to enhance the 
efficiency of separation of cation mixtures (e.g. lanthanide) using conventional cation-
or anion-exchange resins is well established. An alternative mode of application of 
complex formation is, however, the use of chelating resins that are ion-exchangers in 
which various chelating groups (e.g. dimethylglyoxime, iminoacetic acid etc.) have 
been incorporated and are attached to the resin matrix. These types of chelating ion-
exchangers have been developed recently and their analytical applications explored 
[256,257]. Complexions have been used for the preparation of new chelating resins for 
separating metal ions on the basis of complex formation [258,259]. A number of such 
ion-exchangers have been prepared by the incorporation of ligands on resins [260,261]. 
8-hydroxy quinoline [262] sorbed on porasil is capable of separating metal ions at trace 
level. Eriochrome black-T modified graphite columns have been used for the 
separation of metal ions [263]. A PAN [l-(2-pyridylazo-2-napthol)] sorbed zinc silicate 
[264] has been used for the recovery of precious metal ions Pt^ "^  and Au'^ ,^ and 
ammonium-molybdophosphate [265] have been used for the quantitative separation of 
Cs^ ions. Separation and retention behavior metal ions have been achieved on 
tetracycline hydrochloride coated alumina [266] and zirconium(iv) selenomolybdate 
[267], while tetracycline hydrochloride sorbed zirconium(iv) tungstophosphate 
chelating exchanger has been employed in the separation of La" ions [268]. Recently, 
4-(2-pyridylazo) resorcinol (PAR) [269] has been reported as a very sensitive and 
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selective chelating agent in column chromatographic separation of cations on Dowex-
1- XB (C1-) form. Selective adsorption of Pb has been carried out on Calix[4]arene 
carboxylate resin supported by poUyallylamine [270]. Resorsinol - fomialdehyde ion-
exchange resins [271] have been employed for the selective removal of Cs^. 
An important feature of chelating ion-exchangers is the greater selectivity, which 
they offer compared with the conventional type of ion-exchanger. The affinity of a 
particular metal ion for a certain chelating resin depends mainly on the nature of the 
chelating group. And the selectivity behavior of the resin is largely based on the 
different stabilities of the metal complexes fonned on the resin under the various pH 
conditions. It may be noted the binding energy in these is of the order of 6-105 kJ 
mol"', whereas in ordinary ion exchangers the strength of the electrostating binding is 
only about 8-13 kJ mol'*. The exchange process in a chelating resin is generally slower 
than that of ordinary type of exchanger and the rate apparently being controlled by a 
particle diffusion phenomenon. According Gregor et al. [272] the following properties 
are required for a chelating agent is to be incorporated as functional group into an ion-
exchange resin: 
• The chelating agent should yield, either alone or with a cross-linking substance of 
sufficient stability or be capable of incorporation into a polymer matrix. 
• The chelating group must have sufficient chemical stability so that the synthesis of the 
resin and its functional structure is not changed by polymerization or any other 
reaction. 
• The steric structure of the chelating group should be impact so that the formation of the 
chelate rings with cation will not be hindered by the resin matrix. 
• The specific arrangement of the ligand groups should be preserved in the resin. This is 
particularly necessary since the complexing agents forming sufficiently stable 
complexes are usually at least tridentate. 
47 
Generally, a chelating ion-exchange resin consists essentially of two components 
i.e., a chelating group and a polymeric matrix. Thus, the properties of both components 
have to be taken into account when designing and synthesizing a chelating ion-
exchange resin. Several workers postulated criteria for a compound to act as selective 
ion-exchanger, which are summarized as below: 
• The chelating ligand attached to a solid matrix should possess strong binding 
properties and selectivity towards certain metal ions. 
• The chelating group should be capable of undergoing incorporation in a polymeric 
matrix and allow the process of polymerization or resinfication; in tum, the chelating 
polymer should be resistant to strong acids and alkalis at elevated temperature. 
• The chelating ligand should preferably be multidentate, permitting formation of a 1 .T 
or 1:2 chelate with a metal ion. 
• The chelating ion-exchanger should possess good swelling properties and 
compatibility between the polymer and medium (generally aqueous) is essential; this 
can be regulated by the presence of hydrophilic groups on the polymer and by the 
extent of cross- linking. 
• Both arms of chelating structure should be present on the monomer unit in proper 
special configuration. 
• The chelating agent must possess sufficient stability, so that the functional structui-e is 
not changed by polymerization during the synthesis of the resin. 
• It should be capable to substitution into a polymeric matrix and should be compact 
enough so that the dense polymeric matrix does not hinder its chelating ability. 
1.2.4.4. Intercalation Ion-Exchangers 
After the development of various types of inorganic ion-exchange materials, 
lately much interest has been developed in the study of pillared inorganic materials and 
intercalation compounds (new porous intercalates) that can be synthesized by 
introducing some organic molecuks in the matrix of layered inorganic ion-exchangers 
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(Fig. 1.7). The main advantage of a pillared structure is that it allows ready access of 
large ions and complexes to the interior due to the increase in the inter layer distances 
and pore sizes. This is very useful in radioactive waste cleanup. A large number of 
radioactive species can be exchanged in to the pillared materials and permanently 
sealed by heating at high temperatures. Also the size of pores can be controlled by 
altering the charge on the pillaring cations. Exchange of cations into pillared materials 
can change their catalytic properties. Amongst the new developments of ion 
exchangers, intercalation compounds have played an important role in the field of 
separation science and technology. These compounds can be synthesized by 
introducing some organic ions or molecules in the matrix of inorganic ion exchangers. 
Alumina, kaolin, clays, bentonite, pectin, alginic acid etc. have been used as adsorbent 
with stimulated considerable interest in medical science throughout world. Hence, 
intercalation is a process in which neutral polar molecules are inserted between the 
sheets of a layered insoluble compound (Fig. 1.8). The intercalation process will occur 
if some of the following factors are satisfied in particular-
I. The intercalations of the guest molecules with the host matrix must be stronger than the 
mutual interactions of the molecules with themselves. Thus, the surface of the layers of 
the intercalating agent should possess active site with which the guest molecule can 
interact (Fig. 1.9). 
II. The layers must spread apait to accommodate the guest molecules. Thus, inter layer 
bonding must be weak and the stacking of the layers should be such as to 
not create steric hindrance to the free diffusion of the molecule. Owing to the steric 
hindrance the intercalation process requires an activation energy. 
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Fig. 1.9. Schematic representation of interlayer arrangement of crown ether pillard and 
functionaUzed layered zirconium phosphonate compounds formulated as (a) 
Zr2(C,iH23N07P)i.i7(P04)(HP04)o.83F2.Clo.i7.1.69H20, (b) Zr(CiiH23N07P)o22 
(HP04), .78Fo.22.1.86H2O, (C) Zr2(C,4H3oN2P20,o)o.75 (HP04)o .5 (P04)F2.5. 4 H 2 O 
and (d) Zr(Ci4H3oN2P20,o)o.33 (HP04),.34. FOM- 1.8H2O. 
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The general foraiula of some insoluble acid salts having layered structures is 
M(IV)(HX04)2 .2H2O; where M(IV) = Ti, Zr, Ce, Sn and X = 'P' or 'As'. Each 
layer consists of a plane of tetravalent atoms sandwiched between tetrahedral atoms 
phosphates and arsenates groups [273,274]. These layered phosphates and arsenates of 
tetravalent metals resemble to a good extent with natural clays. Dyer and Leigh [275], 
Yamanaka and Koizumi [276] have demonstrated a similarity between monmoriilonite 
clays and group 4 phosphates. In these compounds the bonds within the layers are 
strong and primarily covalent, whereas those between the adjacent layers are weak 
Vander Waals attractions. So the layers can move in relationship to each other when the 
protons are replaced by other cations or when the number of water molecules changes. 
Due to this ability, acid salts of tetravalent metal possess the typical characteristics of 
an intercalating agent. An important step in the development of this class of compounds 
was made in 1978 when the first M(IV) phosphonates and M(IV) organo phosphates 
with layered structures closely related to that of zirconium bis monohydrogen 
phosphate were prepared [277]. Further development of layered M(IV) phosphates and 
phosphonates was made in the years 1987-1990 when it was realized that y -zirconium 
phosphate, unlike a -zirconium bis monohydrogen phosphate, must be formulated as 
zirconium phosphate dihydrogen phosphate, ZrP04[02P{0H)2].2H2O [278]. Today we 
know that it is possible to obtain a large number of organic derivatives with a- and y-
layered structures [279,280]. Even pillared compounds with regular inter layer micro 
porosity have recently been obtained [281,282]. 
It is clear that layered compounds of having two types of structures (a- and y -
types). The a -type compounds have the fonnula M(IV)(RP03)2.nS, where nS are the 
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number of moles of solvent, which are generall}' H2O intercalated. Their structures arise 
from the AB AB stacking of layers, in which each layer contains an ideal plane of metal 
ions sandwiched between the O3PR groups, with the P-R pointing towards the 
interlayer region [124]. In the case of a -Zr(HOP03)2.H20, the interlayer distance is 7.6 
A, the free area sun-ounding each POH group is 2.4 A°^ (Fig. 1.10) and mmole of 
exchangeable protons per gram are 6.64. Compounds of y -type have the formula 
M(IV)(P04)(H2P04).2H20 and layers are made up of ideal planes containing the metal 
atoms bridged by the -PO4 groups while the =P(0H)2 moieties point towards the 
interlayer region [283]. The layers are thicker than the a- ones and the - OH groups 
bonded to the same P -atoms have different acidities. 
Fig. 1.10. Idealized ball and stick representation of a - zirconium phosphate. The 
phosphate groups bridge the three Zr atoms on both sides of the layer 
forming a cage-like structure outlined by the heavy lines. 
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In case of y - Zr(P04)(H2P04). 2H2O, the interlayer distance is 11.6 A and free area 
surrounding the P(0H)2 groups is estimated to be 33 A° ,^ and ion-exchange capacity as 
6.27 mmol gm"^ It is obvious that in the layered phosphate of y - type, interlayer 
distance is much higher than that of a -ones due to steric hindrance are less, hence 
intercalation occurs more easily. However due to the observation of a denser structure 
of the y - type as compared to the a -ones, the area of the exchange site is smaller than 
in a -compounds. In graphite and in some intercalating agents, the intercalation process 
occurs in distinct steps [284] in which eveiy 'n'th interlayer region is filled until the 
process proceeds from the external part of the crystal to internal one, and all the 
interlayer regions are involved in the process. Further, the presence acid groups 
between the layers make these exchangers very suitable intercalating agents of polar 
molecules that are bronsted bases. 
Albert! et al. [285] have reported the synthesis and characterization of a new 
type of zirconium phosphate by the name of zirconium phosphate hemihydrate [a - Zr 
(HP04)o.5. H2O]. A large number of other new materials have also been prepared on 
zirconium phosphate by pillaring methods. Albert! and coworkers [286] have 
intercalated a-Zr(IV)(RP03)2.H20 by phenyl containing -SO3H groups and y -
Zr(IV)(P04)(H2P04).2H20 by crown ether. U. Costantino [287] has given a detailed 
description of intercalation of alkanols and glycols into a -Zr(HPO4).H20 and also 
developed zirconium phosphate-phosphite [288]. Clearfield and Tindwa {289] have 
studied in detail the uptake of n- phenylamine, n- butyl amine and ethylene diamine on 
a-Zr(HP04)2.H20. Dines et al. [290] have prepared monophenyl, diphenyl and 
triphenyl bridging pillared zirconium phosphates by using phenyl disulphonic acids to 
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bridge across the layers. They have also shown thai it is possible to form three -
dimensional or pillared analogous of the phosphonates by utilizing a, co - diphosphonic 
acids. A schematic diagram of a portion of the structure is shown in Fig. 1.11. Varshney 
et al, Rawat et al, Singh et al. and Qureshi et al have also studied on amine tin(II) 
hexacyanoferrate(II) [291], amine tin(IV) hexacyanoferrate(n) [193], tin(IV) diethanol 
amine [292], iron(III) diethanol amine [293] and zirconium(IV) ethylene diamine [294] 
respectively. The intercalation behavior of 2,2- dipyridine and 1,10- phenanthroline 
towards y -zirconium phosphate [Zr(HP04)2.H20] has been reported by Ferrogina et al. 
[295]. 
Fig. I.IL Schematic depiction of zirconium biphenyl 4,4' - bis (phosphonate). 
Pores can be built into the three dimensional structure by addition 
of spacer groups or by choice of solvent. 
%, 
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Recently, some intercalation ion-exchangers have been developed and reported 
in the literature. Hudson et al [296] have reported the intercalation of monoamine into 
a- Sn(HP04)2.H20 and investigated the ion exchange behavior of amine in the presence 
of transition metal ions. Wang et al. have reported the selective separation of Cs^ on 
zirconium phenyl diphosphonate phosphate [297]. Chuclasama et al. [298] synthesized 
a new inorganic-organic ion exchanger by anchoring p-chlorophenol to Zn(W04)2 and 
reported the material has a good ion- exchange capacity and stability. Zhang et al. [299] 
synthesized zirconium-layered compounds containing the N-(phosphonomethyl) 
iminodiacetic acid groups. A mixed phosphate/phosphonate compound nanocrystalline 
microporous pillared zirconium phosphate-biphenylene bis (phosphate), Zr2(P04) 
(03PCH2N{CH2COOH}2) (03PCH2N{CH2COOH.CH2COO}). 2H2O was obtained 
when a mixture of H3PO4 and diacetatoimino phosphoric acid solution in the ratio 1:1 
was heated with zirconyl chloride in the presence of HF. The layered structure of this 
compound is different from that of any known layered zirconium phosphate compound. 
The bridging of metal atoms by the phosphate groups within the layer is similar to that 
found in Y - ZrP, while the mode of phosphonate binding is similar to that found in a -
ZrP. Another group of interesting ion-exchanger materials and complexing agents are 
the zirconium polyimine polyphosphonates [300], are depicted schematically in Fig. 
1.12. Tomita et al [301] intercalated a a, (3, y, 5 - tetrakis (4-N-methyl pyridyl) 
porphine into y - zirconium phosphate, because of its large interlayer distance. Malik et 
al. [302] have reported pyridinium tungstoarsenate, selective for Rb"*" and Cs"^  and Singh 
et al. intercalated aniline into tin(IV) phosphate [303] and Zr(IV)phosphate, 
[(Zr02)2.(C6H5NH2)HP03. 3.7H2O]; selective for Co'^ Zn'^ Cd^^ Hg^^ [304]. Nabi et 
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al. have reported the synthesis, characterization and analytical applications of Zr(IV) 
sulfosalicylate [305] (selective for Ag^ and Hg^ )^ and pyridinium-tin(IV) 
tungstoselenate [306] . Shea et al. [14] have reported the sol-gel preparation of highly 
porous hybrid organic-inorganic materials of bridged polysilscsquioxanes, 
schematically represented in Fig. 1.13. 
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Fig. 1.12. Schematic depiction of crosslinked zirconium polyimine phosphonate, 
ZrCOaPCHsNHCHsCHzNHCHzPOa). 
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Fig. 1.13. Representation of the chemical connectivities of silica and a bridged 
polysilsesquioxane. 
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There are some non-pillaring methods by which non-bridged organic-inorganic 
hybrid ion-exchangers have been developed. In one method the tetrahedral phosphate 
groups are exchanged with phosphate groups, which have selected functionality, by 
allowing the zirconium phosphate to equilibrate with a solution of phosphoric acid 
[307]. In the second method zirconium or titanium fluorocomplexes are slowly 
decomposed in a solution containing phosphoric or organophosphoric acid. A third 
method is to treat the layered phosphate with a derivatizing agent like ethylene oxide, 
thionyl chloride etc. It has been possible to change the strength of the acidic functions 
by inserting groups which are stronger or weaker than the =P-OH, such as -SO3H or -
COOH respectively, to obtain anionic exchangers. Layered compounds having different 
organic functions anchored to the inorganic matrix can also be prepared by using a 
suitable mixture of two or more phosphonic or organophosphonic acids in the 
preparation. The compounds obtained by Costantino [308] in this way have the formula 
Zr(RP03)2-x (R'POsJx and by the proper choice of the R and R' groups, it is possible to 
lower the layer charge density by diluting ionogenic groups with a polar ones, to 
incorporate the inlayer region lyophilic groups together with lyophobic ones, or 
ionogenic groups of different strength, active for ion-exchange and intercalation. 
Open-frame work metal phosphonates are of considerable interest due to their 
potential applications in the areas of sorption, ion-exchange, catalysis and sensors [309-
311]. Research in this area has been focused on the synthesis and characterization of 
divalent [312,313], trivalent [314-316] and tetravalent [317-320] metal phosphates of 
the transition metals. With some exceptions, for example copper [321] and lanthanum 
[322], the metal ions in these lamellar systems are octahedrally coordinated and the 
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organophosphonate moieties are directed into the interlayer space. A series of layered 
indium phosphate, arsonate and phosphonate have been prepared in which the 
phosphonate and the arsonate compounds contain the ligand of both di-anion and 
mono-anion forms [323]. 
1.2.5. 'Organic-Inorganic' Composite Ion-Exchange Materials 
The conversion of inorganic ion-exchange materials has been taking place into 
composite ion-exchange materials is the latest development in this discipline. Sol-gel 
derived composite materials have found numerous applications in the areas of 
chemistry, biochemistry, engineering, and material science [324-337]. Much of the 
interest in sol-gel chemistry stems from the fact that these materials can be easily 
prepared and modified, and their physical and chemical properties tailored. These sol-
gel materials are used in the general areas of chemical sensors, chromatography, 
fabrication of selective materials, and electrical and optical applications. A number of 
different approaches have been undertaken in the development of sol-gel-based ion-
exchange materials. For example, the development of ion-exchange and permselective 
materials for analytical applications involves physically doping polyelectrolytes into the 
silica sol prior to its gelation. Specific examples of polycations that have been 
incorporated into a TEOS (triethoxysilane)-based silica sol include 
poly(dimethyldiallylammonium chloride) (PDMDAAC) and 
poly(vinylbenzyltrimethylammonium chloride) (PVTAC). Examples of polyanions that 
have been used include poly(vinyl sulfonic acid) (PVSA), polystyrene sulfonic acid 
(PSSA), poly(acrylic acid) (PVAA), and Nafion. The polymer-silica sols have been 
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spin cast on the surface of an electrode or an optically transparent substrate and used to 
preconcentrate analytes in solution [338-347]. 
The 'organic-inorganic' hybrid materials prepared via the sol-gel technique have 
attracted significant attention in the literature [11,12,348-350] and the materials as ion-
exchangers prepared by this technique were also described [351-354]. The combination 
of organic and inorganic precursors yields hybrid materials that have mechanical 
properties not present in the pure materials. Often, strain built up during dr}dng and heat 
treatment (densification) results in cracking of the materials. To diminish this strain, the 
material can be made more compliant by the introduction of organic groups. The 
organic group can be reactive, which implies that it is able to form an organic network 
as well as an inorganic network. In this case, the organic group is classified as network 
builder. Another preparation of the composite ion-exchangers has been carried out with 
the binding of electrically conducting organic polymers, i.e. polyaniline, polythiophene, 
polypyrrole etc. 
These polymer based composite ion-exchange materials show the improvement 
in a number of its properties. One of them is the improvement in its granulometric 
properties that makes more suitable for the application in column operations. In some of 
the cases, it is observed that increase in the number of cycles without affecting its ion-
exchange capacity as well as ion-exchange equilibria. The binding of organic polymer 
also introduces the better mechanical properties in the end product, i.e. composite ion-
exchange materials. 
More recently, some organic-inorganic composite ion-exchange materials have 
been developed in these laboratories. Khan et al. have reported polyaniline Sn(IV) 
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arsenophosphate [355] (tentative structure is shown in Fig. 1.14) and polystyrene 
Zr(IV) tungstophosphate [356] used for the selective separation of Pb^^ and Hg^* 
respectively, and ion-exchange kinetics of M -H exchange and adsorption of pesticide 
[357,358] have also carried out on these materials. Beena Pandit et al. have synthesized 
such type of ion-exchange materials, i.e. o-chlorophenol Zr(IV) tungstate [359] and p-
chlorophenol Zr(IV) tungstate [360]. Styrene supported Zr(IV) phosphate hybrid 
material [361], and fibrous ion-exchange materials such as poly methyl methacrylate, 
poly acrylonitrile, styrene and pectin based Ce(IV) phosphate and Th(IV) phosphate 
[362-366] having a great analytical applications, have been investigated by Varshney et 
al. These materials can be used as ion-exchanger membranes and electrodes. 
Polyacrylonitrle fibers and zeolites composites have also been reported in literature. 
Polyaniline Zr(IV) tungstophosphate has been synthesized by Gupta et al. [267], which 
was used for the selective separation of La"^ and UO2 .^ Chanda et al. reported 
polyacrylic acid coated Si02 as a new ion-exchange material. 
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Fig. 1.14. Tentative structure of polyaniline Sn(IV) arsenophosphate, a 
'polymeric-inorganic' composite cation-exchanger. 
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1.2.6. Applications of Ion-Exchange Materials 
Ion-exchangers find applications in a wide variety of industrial, domestic, 
governmental and laboratory operations. The composite ion-exchangers show some 
better granulometric properties that facilitates its stability in column operations 
especially for separation, filtration and preconcentration of ionic species. The column 
operation suitability makes it more convenient in regeneration of exhausted beds also. 
These hybrid ion-exchangers having good ion-exchange capacity, higher stabilities, 
reproducibility and selectivity for specific heavy metal ions indicating its useful 
environmental applications. As in general these materials have their applications in 
following disciplines: 
> Water softening [67,367] 
> Separation and preconcentration of metal ions [143,351,368-371] 
> Nuclear separations [245-249,265,372] 
> Nuclear medicine [373] 
> Synthesis of organic pharmaceutical compounds [374] 
> Catalysis [143,375-377] 
> Redox systems [378] 
> Electrodialysis [379] 
> Hydrometallurgy [380,381] 
> Effluent treatment [382] 
> Ion-exchange membranes 
> Chemical and biosensors [354] 
> Ion memory effect [143,383,384] 
> Ion-exchange fibers [353,385-389] 
> Ion-selective electrodes 
> Proton conductors [390,391] 
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1.3. ELECTRICAL PROPERTIES OF MATERIALS [392-399] 
Consideration of the electrical properties of materials is often important when 
materials selection and processing decisions are being made during the design of a 
component or structure. The electrical behaviors of the various materials are diverse. 
Some need to be highly electrically conductive, whereas electrical insulativity is 
required of others. In order to explore the electrical properties of materials, that is, their 
responses to an applied electric field, it is necessary to discuss the phenomenon of 
electrical conduction: the parameters by which it is expressed, the mechanism of 
conduction by electrons, and how the electron energy band structure of a material 
influences its ability to conduct. These principles are extended to metals, 
semiconductors, and insulators Nowadays, particular attention is given to the 
characteristics of semiconductors. 
1.3.1. Electrical Conduction in Materials 
Electrical conductivity a is used to specify the electrical character of a material. 
It is simply the reciprocal of the resistivity, or 
1 
G= 1.4 
P 
and is indicative of the ease with which a material is capable of conducting an electric 
current. Materials show electrical conduction due to the movement of charge carriers on 
application of voltage as given by the basic equation -
a = qn )i 1.5 
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where a is electrical conductivity of material, n is the number of charge carriers, q is 
the charge and fi is drift mobility of charge carriers. Drift mobilit\' characterizes the 
ease with which the charge earners can move under the influence of applied electrical 
field. There are several carriers that contribute to the conductivity of the materials. 
Electrons and holes in the electronic conductors and cations and anions in ionic 
conductors. 
Mechanisms which have been employed to explain the electrical conduction in 
materials, include ionic conduction, band type conduction, hopping and excitonic 
conduction, quantum mechanical tunneling between metallic domains etc. 
1.3.1.1. Ionic Conduction 
For ionic materials a net motion of charged ions is possible that produces a 
current; such is termed ionic conduction. Both cations and anions in ionic materials 
possess an electric charge and, as a consequence, are capable of migration or diffusion 
when an electric field present. Thus an electric current will result from the net 
movement of these charged ions, which will be present in addition to that due to any 
electron motion. Of course, anion and cation migrations will be in opposite directions. 
The total conductivity of an ionic material Ototai is thus equal to the sum of both 
electronic and ionic contributions, as follows: 
^total ~ ^electronic + '^ionic t .0 
Either contribution may predominate depending on the material, its purity, and, of 
course, temperature. A mobility in, may be associated with each of the ionic species as 
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follows: 
n, e D, 
A = 1.7 
kT 
where n, and D, represent, respeetively, the valence and diffusion coefficient of a 
particular ion; e, K, and T denote the magnitude of the electrical charge, Boltzmann's 
constant, and temperature, respectively. Thus, the ionic contribution to the total 
conductivity increases with increasing temperature, as does the electronic component. 
However, in spite of the two conductivity contributions, most ionic materials remain 
insulative, even at elevated temperatures. 
1.3.1.2. Electronic conduction 
An electric current resuhs from the motion of electrically charged particles in 
response to forces that act on them from an externally applied electric field. Positively 
charged particles are accelerated in the field direction, negatively charged particles in 
the direction opposite. Within most solid materials a current arises from the flow of 
electrons, which is termed electronic conduction. 
1 Electrical conduction in materials can be brought about by the electrons and/or 
holes. There are two kinds of electrons in a body viz. bonding electrons and valency 
electrons. Bonding electrons are component parts of a specific atom, ion or molecule. 
Valency electrons belong to the entire crystal or liquid and move quite fi"eely amongst 
atoms. Electrons passing from one ion to another in an ionic crystal do not behave like 
free electrons because their displacement in such a cr>'stal is restricted and consists in 
the transfer of an electron from one atom to its neighbor. Electrons in the covalent 
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crystals cannot also be termed "free" electrons; e.g. in diamonds, the electrons binding 
the carbon atom though not restricted to specific positions, are relayed from one to 
another but cannot travel throughout the diamond crystal. Metals have a large number 
of "free" electrons in them. These free electrons are able to mo^'e freely throughout the 
ciystal lattice and. hence, do not belong to particular atoms. As such, the resistivity of 
metals differs considerably from that of ionic covalent crystals. The high conductivity 
in metals is associated with the presence of these "free" electrons. The only electrons 
having this high degree of freedom are those corresponding to the valence electrons in 
the atoms. 
In order to explain the electrical properties of materials, it becomes necessary to 
look at the changes in energy levels that occur when a large number of atoms are 
brought together to form a solid. It will be seen that energy levels in single atoms break 
up to form energy bands when a solid is formed.! There are various models and 
mechanisms to account for electronic conduction in these materials such as band model, 
hopping and tunneling conduction as well as percolation mechanism. 
1.3.1.2.1. Band Theory 
Electrical properties of materials may be discussed in the light of band theory 
quite successfully. To understand the behavior of the atoms, we take the example of 
hydrogen atom, which has the simplest electronic arrangement. When two hydrogen 
atoms come together so that there Is atomic orbitals overlap and two new a molecular 
orbitals (bonding and anti-bonding) are formed around the atoms (symmetrical with 
respect to the inter atomic axis) (Fig. 1.15). In bonding orbital, electrons have lower 
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energy than the energy of an isolated atom while in the antibonding orbital; electrons 
have higher energy than the energy of an isolated atom. The two electrons from 
hydrogen atoms if they are of opposite spin may pair in the bonding orbital to give a 
stable molecule with total energ}' less than the sum of the energies of hydrogen atoms. 
In solids, where many atoms strongly interact, similar splittings of energy occur. 
The sets of energy levels from two continuous energy bands, called the valance band 
and the conduction band analogous to the bonding and anti bonding levels of the 
diatomic molecules (Fig. 1.16). The energy gap between them represents a forbidden 
zone for the electrons. The energy difference between the top of the valance band and 
the bottom of the conduction band is known as the band gap (Eg). An electron must 
obtain sufficient energy to promote it to the conduction band for conduction to occur 
(Fig. 1.17). At absolute zero temperature, the bands below the energy gap (Eg) are 
completely filled while conduction band is empty. In this situation, the current 
conduction is not possible. Conduction in empty conduction band does not occur 
because there are no current carriers while conduction can not take place as there is no 
higher energy level available for the electrons to occupy upon acceleration in 
completely filled valance band. If temperature is raised above absolute zero, thermal 
agitation increases and some valance electrons gain sufficient thermal energy to jump 
into the conduction band. Once electrons reach the conduction band, they can be 
accelerated to the higher energy states available in the conduction band, and, therefore, 
conduction occurs. The electrons in the conduction band are called free electrons and 
their former locations in the valance band are called holes. The vacancies in the valance 
band allow conduction in the valance band as well. Therefore, current carriers in this 
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Fig. 1.16. Molecular orbitals and bands in conjugated polymers. 
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case are electrons as well as holes moving in the opposite direction. Forbidden gap 
between the top of valance band and the bottom of conduction band determines whether 
a material will behave as an insulator, a semi conductor or conductor. For insulators, 
band gap is large and promotion of the electron to the conduction band is not possible 
by thermal means or on application of voltage. 
With semi conductors, the band gap is moderate and limited conduction occurs. 
For a conductor, valance band and conduction overlap, i.e. band gap does not exist and 
electrons pass easily to the conduction band without the need for the promotion of 
electrons across the band gap. This is shown schematically in Fig. 1.18. 
In metals, the conductivity decreases slightly with increasing temperature, 
because of the lattice vibration scatter electrons and their mobilit}' goes down at higher 
temperature. Although, the mobility of charge carriers decreases with temperature in 
case of silicon for the same reason, the overall conductivit)' increases with temperature 
due to steep rise in carrier concentration. 
Another feature that is important in semiconducting materials is the occurrence 
of energy levels in the forbidden energy zone due to the presence of impurities. 
Deliberate doping which give donor states near the conduction band edge, can produce 
enormous increase in the population of conduction electrons or holes at a given 
temperature. This is an example of^ extrinsic conduction. 
1.8.1.2.2. Hopping Conduction 
Disorders and tunneling in lattice affect both the energetic and spatial distribution 
ofelectronic states. If atoms are randomly distributed, the density of electronic energy 
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states tails into the forbidden zone and the electrons in these tails are localized (Fig. 1.19). 
Then, there are intemiediate ranges of electronic energy states in which mobilities are very 
low. Conduction is only possible if electrons are excited to higher energy state with 
greater mobilities. Conduction via localized electrons implies discrete jumps across an 
energy barrier from one site to the next. An electron may either hop over the top of the 
barrier or tunnel through the bamer shown in Fig. 1.20. The mechanism of this conduction 
depends upon the shape of the barrier and the availability of thermal energy. This 
thermally activated type of mobility will increase Avith temperature [397]. 
1.3.1.2.3. Percolation Theory 
The mechanism discussed above accounts for conduction in highly ordered 
materials only. However, the electrical conduction through bi-phasic systems 
(inhomogeneous systems) in which only one phase is conducting, depends on the 
concentration of conducting phase. Therefore, a sharp rise in electrical conductivity is 
observed at a critical concentration of conducting phase, the percolation threshold. 
The percolation model successfully describes the nature of electrical 
conductivity in conducting composites of conducting and non-conducting polymers 
[398]. In a carbon black composite the increase in electrical conductivity is not linear; 
instead a moderate increase is followed at a certain carbon black concentration by a 
sudden jump, which is again followed by moderate increase. This sequence of events 
was called percolation. The carbon black concentration at v/hich the conductivity 
jumps is known as critical concentration (Oc). 
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Fig. 1.20. Schematic depiction of mobiUty gap. 
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Percolation theory is a statistical and geometrical approach to explain the shape 
of the conductivity curve in composite materials. Percolation theory proceeds from a 
statistical distribution of the conducting particles, which corresponds to a maximum of 
entropy. It, thus, denies an}' interaction between matrix and conducting particles. As the 
concentration of conducting particles increases, they become closer to each other and at 
the critical concentration (Oc), they are finally sufficiently close together or even 
touching, with the results conductivity bridges form, leading to the conduction of 
charge-carriers [399] as evident from schematic diagram given in Fig. 1.21. 
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Fig. 1.2L Schematic diagram of a percolation curve in conducting composite. 
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1.3.2. Electrically Conducting Materials 
The ability of materials to conduct electricity varies widely allowing their 
classification into good conductors (metals), semiconductors and non-conductors 
(insulators). Another classification of solids may be based upon the number of current 
carriers (electrons). A conductor has a large number of current carriers and this number 
is independent of temperature. An insulator has relatively few numbers of current 
carriers at ordinary temperatures and a semiconductor has current carriers, the number 
of which in a particular material depends on the temperature. 
We already know that electrical conductivity is one of the most important 
properties of metals. Silver has the highest electrical conductivit}^ Copper comes next 
and is similar to silver from the point of view of atomic structure. Aluminium, which is 
light and has a high conductivit}', is rapidly becoming more important as a conductor 
material. Gold which has conductivity higher than that of aluminium but lower than 
that of silver or copper does not find use in electrical industry because it is expensive. 
The resistivity of metallic conductors at room temperature lies between 1.6 xlO'^ 
to 100 X 10'^  ohm/cm. and that of insulators between 10^  to lO'^ ohm/cm. The 
corresponding value for semiconductors is intermediate bet\\'een those for conductors 
and insulators. It is the order of 0.01 - 50 ohm cm'' at room temperature. The resistivity 
of semiconductors is considerably more sensitive to changes in temperature than is the 
case for metals. As a result compact temperature measuring instruments using 
semiconducting thermal resistors (thermistors) may be constructed. At high 
temperatures, the number of current carriers in a semiconductor is fairly large whilst at 
low temperatures this number is relatively small. The number of current carriers in a 
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semiconductor, however, is many orders of magnitude smaller than in a conductor. 
Superconductivity was first observed by K. Onnes in 1911; on cooling a sample 
of mercury below 4.2K the resistivity of the metal suddenly decreased to an 
immeasurably small value. Since then many metals and their alloys, many compounds 
have been found which have zero resistance below a certain critical temperature, 1"^ . 
Electrical conductivities of various elements, compounds and polymers are 
shown in Fig. 1.22. 
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Fig. 1.22. Conductivities of main electrically conducting polymers with other 
classical conductors, semiconductors, and insulators. 
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1.3.2.1. Electrically Conducting Polymers 
Polymers have traditionally been utilized in electrical and electronic applications 
in view of high resistivity (their electrical conductivity lies in the range of 10"" to 10"'^  
Scm'') and excellent dielectric properties. Research and development have 
demonstrated the possibility of obtaining polymers with almost properties t}'pical of 
any structural material, semiconductor or metal. However, due to the electrical 
insulating properties, polymers remain unsuccessful in replacing metals and 
semiconductors in electrical and electronic applications. To improve gas sensors 
characteristics, novel sensitive organic layers, electronic conducting polymers were 
developed. Now the electrically conducting polymers are establishing their place as the 
central constituents of various electronic and photonic systems. The interest of these 
materials has been recognized by the awarding of the Noble Prize for the year 2000 in 
chemistry to Heeger [400], MacDiarmid [401] and H. Shirakawa, who synthesized the 
first conducting polymers and prove their potentialities in a large number of 
applications. The first account of observation of the electrical conductivity was reported 
in 1800s when it was seen that by incorporation of carbon black, the conductivity of 
natural rubber could be enhanced. The combination of electronic and optical properties 
of the semiconductors with the mechanical properties and the processibility of the 
polymers makes conjugated polymers rather unique and potentially useful for a wide 
array of applications [402-404]. Conjugated polymers such as polyacetylene, 
polyphenylene, polythiophene, polypyrrole, polyaniline etc. possess a backbone that 
can produce, sustain and assist the motion of charge carriers in the form of electrons or 
holes (Fig. 1.23). 
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Fig. 1,23. Bond-alternate backbone of the most studied electroconducting 
conjugated polymers (ECPs). 
1.3.2.1.L Polyaniline 
In recent years, polyaniline has attracted much attention [405-407] on account of 
its ability, under certain conditions, to exhibit a high level of electrical conductivity 
[408] having potential applications such as in the fabrication of novel batteries. 
Although polyaniline was first produced in the nineteenth century, interest in this 
polymer and its derivatives did not really begin to develop until the mid-1980s. Several 
chemical methods exist for the preparation of polyaniline although the preffered 
method utilizes electrochemical polymerization. It is known to exist in a variety of 
forms differing in color, some of which are not electrically conducting are shown in 
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Fig. 1.24. Under appropriate conditions the so called emaraldine base form of the 
polymer reacts with dilute acids to give corresponding emaraldine salts, with 
protonation of the nitrogen atoms. This reaction is accompanied by a 9-10 order of 
magnitude increase in conductivity to IxlO'^  - 5x10^ S m"'. Hence it can be used in 
aqueous electroI>'te rechargeable batteries [409]. Key attractions of polyaniline are the 
relatively low cost of the synthetic route from aniline and the fact that it has very 
important features that distinguish it from other conductive polymers. 
1.3.2.1.2. Poly pyrrole 
Polypyrroles have prompted considerable research because they are a group of 
polymers that can be easily produced in the doped state. It can be prepared by the 
electropolymerization of pyrrole and it is then obtained as highly colored dense 
conducting films. It can also be prepared by chemical methods. It has been one of the 
first polymers used in gas sensors. Conductivities of this polymer have been reported up 
to 10"* S m"' [410]. One of the principal advantages of polypyrrole over other doped 
polymers is its excellent thermal stability in air. It is thermally stable up to 250 °C. 
Although chemical analysis of polypyrrole varies with preparative conditions, 
elemental analyses have indicated that the pyrrole rings remain intact with each unit 
being cormected by its a-carbons (Fig. 1.25). 
1.3.2.2. Electrically Conducting * Organic-Inorganic' Composite Materials 
Although, the conjugated backbone is responsible for their electro-active 
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character, the inherent instabiUty is also due to highly unsaturated backbone of 
conjugated polymers. Stability problems have, therefore, caused may research groups to 
search for conjugated polymers of high stability. To meet the demand of materials of 
improved performance, explosive research is going on to synthesize the composites 
(combinations of desirable properties of each component) of ''organic-organic'' and 
'organic-inorganic' nature. 
Conducting composites may be prepared by mixing a conducting material in an 
insulating or a conducting polymer matrix. The insulating polymer matrix acts as a 
solid adhesive, keeps the conducting components together and provides mechanical 
strength without any contribution in electrical conduction. Thus, when one or more 
materials (for e.g. insulating polymers, organic molecules, metal powder, inorganic 
compounds etc.) is combined with electrically conducting polymer matrix to produce a 
new conducting material with different physical, mechanical, thermal and electrical 
properties. 
The simplest conducting composite consists of a fine metal powder dispersed 
uniformly throughout an insulating plastic matrix. Composite based on silver powder 
can be made with conductivity as high as 10^  S m"^  at a loading of 85% by weight, 
where the insulating matrix serves essentially as a glue to hold the metal powder in 
position without disrupting the metal-metal contact. The metal powder composites are 
unsatisfactory in many applications because of poor mechanical strength and high level 
of conductivity (the electrical conductivity could be achieved on the cost of mechanical 
properties). Thus, a common requirement for composite materials is to use them as 
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antistatic materials that have good plastic properties, sufficient conductivity required to 
allow the charges to leak away and sufficient resistivity to prevent dangerous shocks. 
Electrical conductivity in polymers, for example in natural rubber, was first reported in 
1800s when enhanced electrical conductivit}' was obsei-ved in natural rubber on 
incorporation of carbon black. The use of natural rubber filled with acetylene black 
began in around 1930s as an antistatic device where it was necessar>' to prevent the 
hazard of sparks due to the build up of static electricity. The art of making a good 
conducting composite is to be able to use the minimum quantit}' of conductive 
component to achieve the required degree of electrical perfomiance. Hence, there are 
two main factors related to it - (a) quantity of inter-particle contacts and (b) shape and 
size of conductive particles [397]. 
The synthesis of polymer/inorganic composites has received a great deal of 
attention because it provided new materials with special mechanical, chemical, 
electrochemical, and optical as well as magnetic properties [411-444]. The transition 
metal oxides constitute a class of compounds widely used as cathode materials in Li-ion 
batteries [445]. Recently, several groups have combined conductive polymers with 
transition metal oxides to generate hybrid organic-inorganic composites [446-449], 
which possess higher reversible capacity, redox cyclability and structure stability. For 
example, a V205/polyaniline nanocomposite with a relatively high conductivity (10" 
S/cm) was obtained by E. Ruckenstein et al. [449]. The steps of the intercalative 
polymerization in the mesostructured V2O5 are presented schematically in Fig. 1.26. 
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Fig. 1.26. Synthesis of a mesostructured V205/PoIyaniIine nanocomposite. 
IJ.2.3. Applications of Electrically Conducting Polymers and Composites 
Besides electrical conductivity like metals, conducting polymers and composites 
have emerged as fascinating materials due to a wide range of other desirable properties 
such as architectural flexibility, environmental stability, ease of fabrication, light 
weight, mechanical properties and so on. Therefore, these materials are finding 
applications from coating to lubricants to solid-state technology to biotechnology. 
Some possible applications of electrically conducting polymers and composites are: 
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-^ Rechargeable batteries 
'^ Electrochromic devices 
•^ Optoelectronics 
•^ Photovoltaics 
-^ Field effect transistors 
^ Display devices 
^ Printed circuit board 
v^  Chemical indicators 
•^ Bio-sensors 
v^  Gas sensors 
^ Solar cells 
•/ Electroplating 
^ Conducting textiles 
•^ Electrochemically 
switchabie 
ion-exchangers 
^ Transparent coatings 
^ Adhesives 
^ Radiation detectors 
^ Schottky diodes 
^ Fillers 
^ Solid lubricants 
^ Corrosion inhibitors 
*^  Fhotocatalysis 
Some schematic diagrams of the electronic devices in which the electrically conducting 
polymers and composite materials could be used are shown in Fig. 1.27,1.28 & 1.29. 
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Fig. 1.27. A Schematic diagram of polyaniline-lithium battery. 
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Fig. 1.28. A Schematic diagram of conducting polymer based conductometric 
sensor device. 1. Catalytic layer, 2. Conducting polymer layer, 
3. Reference electrode, 4. Working electrode, and 5. EPSIS. 
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Fig. 1.29. A Schematic diagram of conducting polymer based photovoltaic device (solar 
cell). 1. Transparent protection, 2. Aluminum film, 3. Doped conducting 
polymer film, 4. Gold electrode, 5. Transparent protection film, 6. Electrical 
contacts, 7. Electrical connector, 8. Voltmeter, and 9. Load. 
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1.3.2.3A. Electrically Conducting Polymers and Composites as Ion-
Exchangers 
The ion-exchange behavior during charging and discharging processes of 
conducting polymers, e.g. polyaniline and polypyrrole, has been widely studied in 
recent years [450-461]. It was found that the conducting polymers exchange both 
anions and cations depending on the polymerization conditions, the type and size of the 
counter ions incorporated during the polymerization process as well as on the ions 
present in the electrolyte solution, the polymer thickness and the aging of the polymer. 
By an appropriate choice of counter ion conducting polymers can be tailored to work as 
anion or cation exchangers. Polyaniline (PAni) and polypyiTole (PPy) can work as 
anion-exchangers, whereas PAni and PPy modified with polyanions in the polymeric 
complexes such as poly(vinyl sulfonic acid) (Fig. 1.30), poly(styrene sulfonic acid), 
(Fig. 1.31) poly(acrylic acid), poly(methacrylic acid), poly(2-acryamido-2-methyl-l-
propenesulfonic acid), poly(methylacrylate-co-acrylic acid) [452,453,458,459] as well 
as inorganic polyanions, work as cation-exchangers. Such a modified polymer can be 
applied as electrochemically switchable ion-exchanger based on electrically conducting 
polymers [451,452,456,459,460] for water treatment; especially water softening. Some 
electrically conducting organic-inorganic composites can be used as ion-exchangers 
have also been reported in literature [446,447,462-469]. 
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Fig. 1.30. Side-by-side molecular complex of polyaniline and a functionalized 
polyanion working as cation-exchanger. 
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Fig. 1.31. Polypyrrole with incorporated polystyrene sulfonate counterions (PSS") 
working as cation-exchanger. 
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1.4. MEMBRANES: AN INTRODUCTION 
A precise and complete definition of the word ''Membrane" is difficult to make, 
and any complete definition given to cover all the facets of membrane behavior will be 
incomplete. According to Sollner [470], a membrane is a phase or structure interposed 
between two phases or compartments which obstructs or completely prevents gross 
mass movement between the later, but permits passage, with various degree of 
restriction of one or several species of particles from one to the other or between the 
two adjacent phases or compartments, which thereby acting as a physico-chemical 
machine transforms with various degree of efficiency according to its nature and 
composition of the two adjacent phases or compartment. In simple terms, it is described 
as a phase, usually heterogeneous, acting as barrier to the flow of molecular and ionic 
species present in the liquids and for vapors containing two surfaces [471]. The term 
heterogeneous has been used to indicate the internal physical structure and external 
physico-chemical performance [470,472,473]. From this point of view, most of the 
membranes in general are to be considered heterogeneous, despite the fact that, 
conventionally, membranes prepared from coherent gels have been called homogeneous 
[474]. 
The usefulness of a membrane in a mass separation process is determined by its 
selectivity, by its chemical, mechanical and thermal stability and its overall mass 
transport rate. The chemical nature of the membrane material is of prime importance 
when components with more or less identical molecular dimensions and similar 
chemical or electrical properties have to be separated. The chemical, mechanical and 
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themial stability of the membrane determines to a large extent its useful lifetime, 
especially when the feed solution contains strong solvents, strong oxidants and 
extremely low or high pH values, when the process has to be carried out at elevated 
temperatures or when frequent cleaning procedures of the membrane are required. The 
mechanical properties of a membrane are of special significance in pressure driven 
process such as reverse osmosis, ultra filtration, etc. Ideally, a membrane should not 
change its useful properties when it is derived out or when the composition of feed 
solution is changed drastically. For economic reasons, finally the flow rate of the 
pemieable components through a given membrane area under a given driving force 
should be as high as possible to minimize investment costs which are generally 
proportional to the membrane area installed to give a certain process capacity. To 
significantly expand the use of membranes in mass separation processes beyond their 
present applications, membranes with more specific transport properties, longer 
lifetimes and higher flux rates are required. 
1.4.1. Classification of Membranes 
Generally, membranes are classified in two general categories: (1) Natural 
membranes and (2) Synthetic membranes. 
1.4.1.1, Natural Membranes 
These are popularly known as biological membranes. These are quite thin (60-
100 A thick) and are spread over biological system such as yeast, bacteria, plant cells, 
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muscle cells, kidney, etc. Biological membranes are mainly made of phospholipids and 
proteins. Eisenman et al. [475] have given a classification of these membranes based on 
their structure. Biological membranes, with the exception of cell membranes are thin 
sheets of tissue that cover various organs of the body or plants of the hundred of 
biological membranes, one of the more familiar is the mucous membrane that lines the 
canals and cavities of the body; for example, the alimentary canal and its branches, the 
respirator}' tract and the genitourinary tract. Other biological membranes such as pig 
bladders were studied by Anderson [476] and tried to trace some of their early history 
of membrane transport. 
1.4.1.2. Synthetic Membranes 
These are commonly known as non-biological membranes, artificial membranes 
or man-made membranes. These are made of materials like organic and inorganic 
polymers, ion-exchangers, sorbents, metallic foils, inorganic compounds, etc. These 
membranes may be sub-divided into various categories on the basis of their properties, 
materials used during their preparation and on the basis of their applications, etc. The 
literature in book form describing membrane technology and applications is too 
extensive to mention here. The principal volumes containing significant sections, on or 
totally devoted to membrane electro-chemistry are given by Clarke and Nachmansohn 
[All], Helfferich [478], Spiegler [479,480], Merten [481], Morinksy [482], Stein [483], 
Cole [484], Lakshminarayaniah [471,485,486], Hope [487], Arndt and Roper [488], 
Plansey [489], Kotyk and Janacek [490] and other continuing series are edited by Bittar 
[491], Eisenman [492], Danielli, Rosenberg and Cadenhead [493]. Applications of 
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membrane in electro-chemistr}' are to make available the activity-sensing electrodes, 
which have been described in books edited by Eisenman [494], Drust [495] and Preiser 
[496]. However, this field has produced such a variet>' of new measuring devices and 
has opened so many analjtical possibilities in terms of new analysis and new detection 
systems that are very likely that additional volumes will soon appear. The synthetic 
membranes may also be sub-divided into two main categories: (a) Homogeneous 
membranes and (b) Heterogeneous membranes. 
1.4.1.2.1. Homogeneous membranes 
A homogeneous membrane merely consists of dense film through which a 
mixture of chemical species is transported under the driving force of a pressure, 
concentration and electrical gradient. The separation of various components in a 
solution is directly related to their transport rate within the membrane phase, which is 
determined by their diffusivity and concentration in the membrane matrix. An 
important property of homogeneous membranes is chemical species of similar size, and 
hence identical diffUsivities may be separated when their concentration, i.e., their 
solubility in the film differs significantly. A typical representative of a homogenous 
membrane is the silicon rubber film used to separate helium from other gases. Hence, it 
may summarize that this type of synthetic membranes consist of one phase and only 
one material fulfills two functions: (I) it is a structural material, which forms the 
membranes, and (II) it excludes or diffuses ionic or molecular species. This group of 
membranes includes: (a) Liquid membranes and (b) Microporous membranes. 
Liquid Membranes: Liquid membranes consist of one phase i.e., liquid form and 
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ion sensing is dissolved in a solvent which is immiscible with water and relatively has 
high viscosity. This is held on a porous support. The ion sensing material may be either of 
liquid ion-exchangers or neutral like macrocyclic compounds (e.g., crown ether). 
Microporous Membranes: The microporous media represents the simplest form 
of a membrane as far as mass transport properties and the separation mode concerned. 
Microporous membranes consist of a solid matrix with defined holes or pores having 
diameter ranging from less that 10 nm to > 50 ^m. Separation of the various chemical 
species is achieved strictly by a sieving mechanism with the pore and relative size of the 
particles being the materials such as metal oxide, graphite, metals or polymers. The 
simplest membranes are porous determining parameters. Microporous membranes can be 
made from various ceramics made fi-om silica or alumina oxide by molding or sintering. 
Equivalent membranes can be made using finely powdered polymers. Another relatively 
simple procedure for preparing microporous media is based on stretching a homogeneous 
polymer film of partial crystallinity. This technique is mainly employed with films of 
polyethylene or polytetrafloroethylene, which have been extruded fi-om a powder, and 
which are then stretched perpendicular to the direction of extrusion. This leads to a partial 
fracture of the film and relatively uniform pores with diameters of 1 to 20 |im. 
1.4.1.2.2. Heterogeneous membranes 
A heterogeneous membrane consists of more than one phase and two fiinctions 
or structural support. Two different materials perfomi the molecular diffiasion 
capability: (I) one material is film forming which gives strength and structure of the 
membrane and holding the membrane-forming compound together, and (II) the other 
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material is an ion-exchange resin or porous material reinforced on a support that allows 
ion-exchange or diffusion to take place unlike homogeneous type; this component of 
the membrane does not have to meet stringent mechanical property requirements. 
Various research groups all over the world have published the large volmne of research 
work on ion-exchange membranes and they are commercially available product. 
1.4.1.3. Ion-Exchange Membranes 
Ion-exchange membranes consist of highly swollen gels or microporous 
structure with the pore walls canying fixed positive or negative charges. A membrane 
with fixed positive charges is referred to as an 'anion-exchange membrane', whilst a 
membrane containing fixed negative charges is called a 'cation exchange membrane'. 
Separation in charge membrane is achieved by exclusion of co-ions, i.e. ions that pair 
the same charges as fixed ions of the membrane structure. Separation properties of 
these membranes are determined by the charge and concentration of the ions in the 
surrounding solution and in the membrane structure. In fact, ion-exchange membranes 
in the simplest forms are synthetic ion-exchange resins in the forni of sheets and films. 
Because of their relatively low stability and high electrical resistance, no industrial 
applications could be found for the first membranes, so that research in the filed 
initially remained limited to their physico-chemical properties [497]. Today, numerous 
methods are known for the production of ion-exchange membranes with acceptable 
mechanical, chemical and electrical properties. 
On the basis of their structure, the membranes can be permeable for water as 
well as for electrolytes, thus inhibiting only convection. However, they may also allow 
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only the permeation of water and not of the electrolyte, thus producing a separation 
effect. Such membranes are known as semi-permeable. Among these semi-penneable 
membranes, there are again those, which allow only the permeation of anions or of 
cations. These are known as pemi-selective membranes. The ion-exchange mxmbranes 
are further divided into following sub-groups for the sake of better understanding: 
i. Homogeneous Ion-Exchange Membranes 
ii. Interpolymeric Network Membranes 
iii. Graft and Block Copolymer Membranes 
iv. Polyelectrolyte Complex Membranes 
V. Mosaic Membranes 
vi. Heterogeneous Ion-Exchange Membranes 
1.4.1.3,1. Homogeneous ion-exchange membranes 
The homogeneous membranes in which the film-forming matrix itself carries the 
ionic groups. Such materials can be produced from methacrylic acid, phenolsulfonic 
acid or styrenesulfonic acid by copolymerization or polycondensation in analogy to 
synthetic ion-exchange resins. The method of producing a cross-linked styrene-divinyl 
benzene skeleton followed by sulfonation in even greater analogy with synthetic 
exchange resins is very difficult and was successfully used for the first time by Schwab 
et al. [498]. Better membrane can be made by polymerizing styrene containing divinyl 
benzene in sheet-shaped molds and carefully sulfonating and hydrolyzing the cross-
linked polystyrene sheet. The anion-exchange membrane is made by chloromethylation 
followed by amination. Alternatively, a block of cross-linked polystyrene can be skived 
in a lathe to a thin sheet and then either sulfonated or chloromethylated and aminated. 
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Polyester reinforced styrene-butadiene rubber made by latex impregnation of the fabric 
makes an excellent base for the ionogenic reactions. A flexible membrane with good 
physical properties results from carrying out the sulfonation or chloromethylation-
amination on a thin film of polyethylene containing about 20-30% graft copolymerized 
or occluded polystyrene. It is also possible to mill polyethylene and polyst}'rene 
particles together and form a suitable sheet of base stock. It is more difficult, but still 
possible to carry out direct sulfonation of polyethylene or amination of polyvinyl 
chloride. 
1.4.1.3.2. Interpolymeric network membranes 
These membranes are obtained by casting a film from a homogeneous solution 
of two polymers, one of which represents the polyelectrolyte and the other the water-
soluble filmogenic material. For example, the membranes of this type have been 
produced from polystyrene-sulfonic acid and polyacrylonitrile in dimethyl formamide. 
The polyelectroyte is built so firmly into the chains of the matrix polymer that even 
long immersion in water does not elute the polyelectrol>'te, however, this property 
admittedly is obtained only under certain conditions. Thus, the polyelectrolyte must 
have relatively little chain branching and its molecular weight must range between 
30,000 and 1,60,000. 
1.4.1.3.3. Graft and block copolymer membranes 
Because of the incompatibility of the different sub chains from different 
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morphological units, spheres, cylinders and lamellae, graft copolymer membranes are 
made useftiUy by grafting monomers to sheets or films of polymers, which are swollen, 
with the monomer sometimes in the presence of solvent. Polymerization is reduced 
under conditions where some atoms are extracted from the polymer backbone, this 
providing sites from where polymer chain may grow. Abstraction of atoms may be 
carried out by peroxide radical irradiations of (3 or y-rays. The grafting in fluorocarbon 
polymers (like PTFE) with monomers like styrene and subsequent sulphonation of 
grafted chain is done by this approach. Graft copolymerization of films cellulose, 
pol}1;etrafluoroethylene, copolymers of chlorotrifluoroethylene or polyvinylidene 
fluoride has also been investigated. 
1.4.1.3.4. Polyelectrolyte complex membranes 
Polyelectrolyte complexes materials are formed by the interaction of soluble 
polyanions and polycations and the resultant polysalts can be neutral or possess excess 
of cationic or anionic charge. Polyelectrolyte complex membranes are either dense or 
porous structure which are hard and brittle when dry and leathery or rubber like when 
wet. A typical polyelectrolyte complex system consists of the reaction products sodium 
polystyrene sulphonate and poly(vinylbenzyltrimethyl-ammonium chloride). 
1.4.1.3.5. Mosaic membranes 
Mosaic membranes are a type of homogenous composite structure in which the 
various elements are placed in parallel rather than in series. The only example of this 
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type of membrane, which consists of separate small domains of cation- and anion-
exchangers. This mosaic membrane is essentially a combination of the two membrane 
concentration cells arranged in a short circulated state without the presence of 
electrodes. The mosaic membranes have an unusually high salt permeability. Their 
theoretical and practical investigation is of interest because such structural principles 
can also be found in biological membranes. 
1.4.1.3.6. Heterogeneous ion-exchange membranes 
These are made mechanically incorporating powdered ion-exchange resins into 
sheets of rubber, polyvinyl chloride, acyrlonitrile copolymers or some other extmdable 
or mouldable matrix. Frequently, ion-exchange membranes are reinforced with 
chemically resistant fabric to improve the physical properties like mechanical strength, 
etc. Swelling in water results in the formation of water-filled interstices into which 
electrolyte particles can penetrate, high molecular weight colloidal particles can also 
penetrate the chaimel and can cause undesirable contamination and precipitation 
phenomena. To attain a sufficiently low resistivity, 30% by weight of binder is 
generally recommended for production. 
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1.5. ELECTROCHEMICAL SENSORS 
Electrochemical sensors represent an important subclass of chemical sensors in 
which an electrode is used as the transduction element. According to such devices hold 
a leading position among sensors presently available, having reached the commercial 
stage, and have found a vast range of important applications in the filed of clinical, 
industrial, environmental and agricultural analyses. The fields of sensor 
interdisciplinary, and future advances are likely to occur from progress in several 
disciplines. 
Potentiometric sensors work through the measurement of an equilibrium 
potential i.e., the potential at zero current, of the sensor versus a suitable reference 
electrode. These potentials are a function of the activity of the species in solution, not 
of their concentration. The Debye-Huckel equation relates concentrations to activities 
and can often be employed; indeed potentiometric measurements can be used to test the 
Debye-Huckel theory. However, for dilute solutions it is reasonable to assume that 
activity and concentration are equal. There are few reviews [499,500], which compare 
potentiometric and amperometric sensors in terms of their performance and limitations. 
However, the rapid development of new selective electrodes and more sensitive and 
stable electronic components over the past 25 years has expanded tremendously the 
range of analytical applications of potentiometric measurements. The speed at which 
this field has developed is a measure of the degree to which potentiometric 
measurements meet the need of the analytical chemist for rapid low-cost and accurate 
analysis. Many general books have been devoted exclusively to direct potentiometry 
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[485,501-503]. Several review articles have been appeared in literature time to time 
[504-510]. 
1.5.1. Ion-Selective Electrodes 
Ion-selective electrodes are mainly membrane-based devices; consist of perm-
selective ion-conducting materials, which separate the sample from the inside of the 
electrode. On the inside is a filling solution containing the ion of interest at a constant 
activity. The membrane is usually non-porous, water insoluble and mechanically stable. 
The composition of the membrane is designed to yield a potential that is primarily due 
to the ion of interest (via selective binding processes, e.g. ion-exchange, which occur at 
the membrane-solution interface). The purpose is to find membranes that will 
selectively bind the analyte ions, leaving co-ions behind. Membrane materials, 
possessing different ion-recognition properties, have thus been developed to impart 
high selectivity. 
The Ion-Selective Electrodes (ISEs) are commonly known as "Ion Sensors" or 
"Electrochemical Sensors". The history of ion-selective electrodes in the past decade 
shows the typical behavior of expansion followed by consolidation. The rapid growth 
of new electrodes for ion activity measurement, new fonnats and new material of 
construction has given a way to more in prospective research on "How and Whys" of 
the functioning of various electrodes and extensive application studies, uses of ISEs as 
instrumental components and in diverse field, particularly in clinical and environmental 
chemistry. 
For someone seeking a book on the principles and applications of ISE's the most 
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comprehensive volume in English is "Ion-Selective Electrodes" by Kortya [501]. The 
important authoritative reviews have been prepared by Covington [511], Moody and 
Thomas [512]. The first review contains infonnation on reversible electrodes and 
emphasizes new results on glass and neutral earner membrane electrodes while the 
second covers historically a "Types of ISEs". Buck [513] not only concentrated on the 
history of the various techniques of selectivity coefficient measurements but also gave a 
theoretical justification for the occurrence of the activity ratio and absolute activity 
dependent selectivity coefficient. Moreover, Buck [514] also reviewed about the 
following: (i) time responses affected by electrode properties, (ii) time response outside 
the linear regime, (iii) testing of electrode responses at extreme activities, (iv) solid 
electrode responses at low activity, (v) natural carrier membrane electrodes, etc. 
Solsky [515] in his review article on the ion-selective electrodes has covered the 
material that is of interests to those who deal with ion-selective electrodes. Hulanicki 
[516] worked in the development of ion-selective electrodes while Thomas [517] traces 
the history of potentiometry from the first glass electrodes to the very successftil crown 
compounds that impart high selectivity to the plastic membrane electrodes. A 
continuously series of reviews by Kortya [518] complements his earlier works by 
covering the varied applications of ion-selective electrodes. Pungor et al. [519] 
described the mechanistic aspects of electrode function and response. The fundamentals 
of membranes preparation and applications are given by Oehme [520] while Evans 
[521] offers a textbook on potentiometry and ion-selective electrode use. This progress 
has involved not only the production of electrodes and automated equipment based on 
these electrodes but especially the application field. 
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1.5. J. 1. Types of Ion-Selective Electrodes 
More than two dozens Ion-Selective Electrodes are commercially available and 
are widely used. Such electrodes are produced by firms such Orion Research, 
Radiometer, Corning Glass, Beckman, Hitachi and Sensorex. Ion-selective electrodes 
may further sub-divided into three classes: 
1. Primary ion-selective electrodes, encompassing crystalline and non-crystalline 
electrodes 
2. Compound gas-sensing electrodes and enzyme substrate electrodes 
3. All-solid state ion-selective electrodes, depending on both electronic and ionic 
conductivity in order to function. 
The examples of these types of electrodes are described briefly below: 
1.5.1.1.1. Glass electrodes 
Glass electrodes are an example of non-crystalline electrodes; they were the first 
ISEs to be developed and are used mainly to measure pH. Generally, glass electrodes 
are responsive to univalent cations. The selectivity of these cations is achieved by 
varying the composition of a thin ion-sensitive glass membrane. These ai-e generally of 
two types: 
pH electrodes: The phenomenon of glass selectivity was reported by Cremer in 
1906 [522]. Glass pH electrodes of different configurations and dimensions have been 
in routine use over six decades since their commercial introduction by A. Beckman. The 
electrode is immersed in the solution whose pH is to be measured and connected to an 
external reference electrode. (In the so-called combination electrode, the external 
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reference electrode is combined with the ion-selective electrode into one body). The 
rapid equilibrium established across the glass membrane, with respect to the hydrogen 
ions in the inner and outer solutions produces a potential: 
E = K - (RT/F) In(H^) inner/(H') outer 1.8 
The potential of the electrode is registered with respect to the external reference 
electrode. Hence, the cell potential (at 25 °C and after introducing the definition of pH) 
follows the relation: 
Eceii = K ' - 0.059 pH 1.9 
The measured potential is thus a linear fiinction of pH; an extremely wide (10-14 
decades) linear range is obtained, with calibration plots yielding a slope of 59 mV/pH 
unit. The overall mechanism of the response is complex. The functioning of this 
electrode is by exchange of protons from solution with either sodium ions or potassium 
ions at the surface region to a depth of about 50 nm. 
H^soln + Na"'surf < ^ H^'surf + Na^soln 1-10 
The theory of the response mechanism has been thoroughly discussed [494], 
Glass electrodes for other cations: Deliberate changes in the chemical 
composition of the glass membrane have thus led to electrodes responsive to 
monovalent cations other than hydrogen, including sodium, potassium and ammonium 
[494]. This usually involves the addition of B2O3 or AI2O3 to sodium silicate glasses, to 
produce anionic sites of appropriate charge and geometry on the outer layer of the glass 
surface. For example, the sodium and ammonium-selective glasses have the 
compositions 11% Na20-18% Al203-71% Si02 and 27% Na20-4% AI2O3- 69% Si02, 
respectively. These sodium aluminosilicates glasses possess AlOSiO' sites with weaker 
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electrostatic field strength and a marked preference for cations other than protons. The 
overall mechanism of electrode response is complex but involves a combination of 
surface ion-exchange and ion diffusion steps. To further minimize interference from 
hydrogen ions, it is desirable to use solutions with pH values higher than 5. 
L5.1.L2. Liquid-membrane electrodes 
Liquid membrane types ISEs, based on water immiscible liquid substances 
impregnated in a polymeric membrane, are widely used for direct potentiometric 
measurements [523,524]. Such electrodes are particularly important because they 
permit direct measurements of several polyvalent cations as well as certain anions. The 
selectivity coefficients depend not only upon the nature of the recognition element, but 
also upon the exact membrane composition, including the membrane solvent and the 
nature and content of the plasticizer. The extraction properties of the membrane can be 
further improved upon adding ion-pairing agents to the plasticizer. The polymer matrix 
{e.g. PVC) provides mechanical strength and permits diffusion of analytes to the 
recognition sites. The hydrophobic nature of the membrane prevents leaching of the 
sensing element and the plasticizer into the aqueous sample solution, and thus extends 
the operational lifetime. 
1.5.1.1.3. Ion-exchanger electrodes 
They are also known as charged, mobile-carrier electrodes and can be 
subdivided depending on whether the electrode is sensitive to anions or cations. The 
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chelating agent is hydrophobic and has the opposite polarity. In these electrodes, the 
ion-exchanger is held in a porous, plastic filter membrane that separates the test 
solution from the inner compartment, combining a reference solution. The resulting cell 
potential is given by-
0.059 
Eceii = K+ logaM 1.11 
2 
Liquid anion-exchangers, such as quaternary ammonium salts or phosphonium 
salts have been employed for the preparation of anion-selective sensors. The resulting 
ISEs usually display anion selectivity con^esponding to the Hofmeister series: CIO4' > 
IO4" > SCN' > NO3" > r > Br" > CI" > HCO3" ~ H2PO4". 
Ion-exchange electrodes sensitive to large organic cations have also been 
described. For example, PVC membranes containing dinonylnaphthalenesulfonic acid 
(DNNS) have been used for the detection of drugs of abuse (e.g., opiate alkaloids) 
[525]. Such organic responsive electrodes, however, lack sufficient selectivity and are 
limited to some samples, e.g., pharmaceutical formulations. 
1.5.1.1.4. Neutral carrier electrodes 
In these electrodes, the chelating agent has no charge and complexes the ion of 
interest selectivity, or membranes containing a hydrophobic ion pair dissolved in 
plasticized polymer. So, in these electrodes, carriers or chelating agents can be natural 
macrocyclic compounds or synthetic crown ethers (cyclic polyethers) capable of 
enveloping various target ions in their pocket. These, ionophores serve as reversible 
and reusable binding reagents that selectively extract the analyte into the membrane. 
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Molecular modeling techniques are often used to guide the design of ionophores (with 
proper cage sizes) toward target analytes. One of the best examples is the potassium 
electrode using the macrocycle valinomycin as neutral carrier [526]. Anion-selective 
liquid membrane electrode have also been developed in recent years based on the 
coordination of the anionic guest to host materials, such as metalloporphyrin or vitamin 
Bi2 derivatives, alkyltin compounds or macrocyclic polyamines [527-530]. Such 
devices offer effective sensing of inorganic and organic anions, such as thiocyanate, 
salicylate, phosphate or adenosine nucleotides. Unlike anion-exchanger electrodes, 
these anion sensors display selectivity patterns greatly different from the Hofmeister 
sequence. 
1.5.1.1.5. Enzyme-based electrodes 
Enzymes are proteins that catalyze chemical reactions in living systems. Such 
catalysts are not only efficient, but also extremely selective. Enzymes electrodes are 
based on the coupling of a layer of an enzyme with an appropriate electrode. Such 
electrodes combine the specificity of the enzyme of its substrate with the analytical 
power of electro-chemical devices. As a result, of such coupling, enzyme electrodes 
have been shown to be extremely useful for monitoring a wide variety of substrates of 
analytical importance in clinical, environmental and food samples. A pertinent example 
of this class is the degradation of urea by urease leading to the formation of ammonium 
ion, which is detected at the ammonium-selective neutral carrier electrode. 
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1.5.1.1.6. Solid-state electrodes 
The solid-state membrane can be made of single crystals, polycrystalline pellets 
or mixed crystals. The resulting solid-state membrane electrodes have found used in a 
greater number of analytical applications. For example, fluoride-ion selective electrode, 
which is so far the most successftil anion-selective electrode. Other useful solid-sate 
electrodes are based on silver compounds {e.g. Ag2S). Silver sulfide is an ionic 
conductor, in which silver ions are the mobile ions. Mixed pellets containing Ag2S-
AgX (where X = CI, Br, I, SCN) have been successfully used for the determination of 
one of these particular anions. The solubility product involved basically detennines the 
behavior of these electrodes. Sensors for various halide ions can also be prepared by 
suspending the corresponding silver halide in an inert support material, e.g. silicone 
rubber. Such support material provides a flexible, heterogeneous membrane with 
resistance to cracking and swelling. The resulting membrane is called a heterogeneous 
or precipitate impregnated membrane. 
1.5.1.1.7. Coated-wire electrodes (ewes) 
Coated wire electrodes (CWEs), introduced by Frieser in the mid-1970s, had 
prepared by coating an appropriated polymeric film directly onto a conductor. The ion-
responsive membrane is commonly based on PVC, while the conductor can be metallic 
(Pt, Ag, Cu) or graphite-based of any conventional shape e.g., wire, disk. Other 
polymers and modified polymers, including poly(acrylic acid) and modified 
poly(vinylbenzyl chloride), can also be useful for various applications. CWEs are 
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simple, inexpensive and easy to prepare and function well over the 10"^-10'' M 
concentration range. The exact mechanism of the CWE behaviour continues to be a 
mystery, in view of the lack of internal reference components. CWEs many suffer from 
reprcducibilit}' and long-term stabilit)' problems. Nevertheless, such devices have been 
found useful for various important applications, provided that the electrodes are 
calibrated periodically. New concepts for preparing CWEs appear to improve their 
analytical perfomiance. Particularly with respect to stability and reproducibility. The 
principles and applications of CWEs have been reviewed [496]. 
1.5.1.1.8. Ion-selective field effect transistors (ISFET) 
An alternative approach, following the same line of reasoning as coating a 
conductive wire, by achieving reproducible signals with a high signal/noise ratio, is 
through semi-conductor transistor technology. The function of a conventional field 
effect transistor is to respond to tiny voltage difference in a metallic gate between 
sources and drain and convert them into low impedence output signals in the fomi of 
currents. In the ion-selective filed effect transistor (ISFET), the metallic gate is replaced 
with an ion-selective membrane, which is in contact with the solution. In this way, the 
output (drain) signal can be directly related to the activity of ions in solution such as 
protons. Other important applications relying on similar technology are chemically 
sensitive FETS (CHEMFETS), enzyme FETS (ENFETS) and immuno- sensitive FETs 
(ImmunoFETS). 
106 
l. 5.1.1.9. Gas-sensing electrodes 
Gas sensing electrodes are highly selective devices for measuring dissolved 
gases. They are reliable and simple, exhibit excellent selectivity, but tend to have 
relatively slow response time. Gas sensors usually incorporate a conventional ion-
selective electrode surrounded by a thin film of an intermediate electrolyte solution and 
enclosed by a gas-permeable membrane. An internal reference electrode is usually 
included, so that the sensor represents a complete electrochemical cell. Two types of 
polymeric material, mirco-porous and homogeneous, are used to form the gas 
penneable membrane. Typically, such membranes are 0.01-0.1 mm in thickness. Such 
hydrophobic membranes are impermeable to water or ions. Hence, gas-sensing probes 
exhibit excellent selectivity, compared with many ion selective electrodes. Besides the 
membrane, the response characteristics are often affected by the composition of internal 
solution and the variables of geometry. Amperometric gas sensors based on different 
configurations have also been developed in recent years. Such developments have been 
reviewed [531]. 
1.5.1.2. Physico-chemical Properties of Ion-Selective Electrodes 
In order to study the characteristics of the electrode, the following parameters 
were evaluated: electrode response or membrane potential, lower detection limit, slope 
response curve, response time, working pH range, etc. 
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1.5.1.2.1. Electrode response or membrane potential 
The use of ion-selective electrodes depends on the determination of potentials 
[532,533]. The potentials cannot be determined directly but can be easily derived from the 
e.m.f values for the complete electrochemical cells which comprise the membrane 
separating solutions 1 and 2 as well as the two reference electrodes when the ion exchange 
membrane separates two solution 1 and 2 both containing the same counter ion or A, a 
membrane potential (£„,) is developed across the membrane due to the diffusion of 
counter ions from the higher to the lower concentration. The membrane potential is 
expressed in equation (1.12): 
^^RT 
Z,F 
l n P f - - ( z -Z,%d\na± 
.1.12 
where A = counter ion, Y = co-ion, Z = charge on ions, ty = transference number of co-
ions in the membrane phase, [aA]i and [aAjs = activities of the counter ions in the solution 
1 and 2, a+ = mean ionic activity of the electrolyte. It is quite evident from the equation 
that 'Em' is the sum of diffusion and Donnan Potential. In equation (1.12) the right hand 
side consists of two terms, the first term represents the thermodynamic limiting value and 
the second term denotes the diffusion potential due to co-ion flux membrane. 
If the membrane is considered to be ideally perm-selective membrane (ty = 0) then 
equation (1.12) takes the form of the well known Nernst Equation as follows: 
RT Ml 
Em = ± — In 1.13 
ZAF [aA]i 
The equation (1.13) simply represents Donnan potential for an ideally perm-selective 
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membrane or it can be said that it gives the themiodynamic limiting value of 
concentration potential. Equation (1.13) takes positive sign for cations and negative sign 
for anions. The membrane potential measurement is carried out using a cell set up of the 
following t\'pe: 
Solution 2 
External Saturated 
Calomel Electrode 
(SCE) 
Test or 
External 
Solution 
Membrane 
EL(2) 
Solution 1 
Internal 
Solution 
Internal Saturated 
Calomel Electrode 
(SCE) 
EL(1) 
In general practice, the concentration of one of the solution (say 1) is kept constant 
(usually 0.1 M) and this solution is referred as internal or reference solution and a SCE is 
dipped in this internal solution as an internal reference electrode. The membrane together 
with internal solution and internal reference electrode is one compact unit, which as whole 
is called as membrane electrode. This membrane electrode is then immersed in solution 2, 
usually referred as external solution or test solution, having an external reference 
electrode. The e.m.f. of this potentiometric cell is given by the following expression: 
Ecell - EscE + EL(2) + Em + EL( I ) - EsCE .1.14 
where ESCE> EL and E^ refer to Calomel Electrode, junction and membrane potentials, 
respectively. On combining equation (1.13) and (1.14), the following equation takes the 
form-
RT [aA]2 
E,.pii - EcrF. - EscE + ET/21 + Eiin ± In 
-cell ~ i^SCE - i^SCE ^ ^L(2) ' E,L(1) .1.15 
ZAF [aAli 
For cation-exchange membrane. 
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RT RT 
Eceii = EL(2) + EL(i)- — ln[aA]i + ln[aA]2 1.16 
ZAF ZAF 
As the activity of internal solution is kept constant and the values of EL(I) and EL(2) 
are also almost constant, the term in parenthesis may be taken equal to a constant, E°. 
Furthermore, the values of EL(,) and EL(2) are negligible (due to salt bridge in use), the cell 
potential in above equation may approximately be taken as membrane potential. The 
equation (1.16) reduces to-
RT 
Eeeii = E'^  + ln[aA]2 1.17 
ZAF 
Now, it is quite clear from equation (1.17) that the cell potential would change with 
the change in concentration (or activity) of the cation in external or test solution 2. At 25 
°C, value of RT/ZAF comes out to be 0.059/ZA volts. The membrane is said to give 
Nemstain response if the slope of a plot between cell potential and log activity comes out 
to be 0.059/ZA volts. These plots are called Nemst plots and the slope as Nemstian slope. 
From the calibration graph, it can be observed that the response curve is linear 
down to a particular concentration after which the curve tends to become parallel to the x-
axis. Suitable concentrations were chosen corresponding to the sloping portion of the 
linear curve for the measurement of potentials. The slope of this linear curve is important 
and tells whether the electrode response follows the Nemstian response or not. A 
potentiometric sensor is said to be behaving in a Nemstian or close to Nemstian fashion, if 
the slope is ±1-2 mV of the theoretical value. Below this range it is sub-Nemstian, above 
it, it is hyper-Nemstian. Sensors which are outside the Nemstian range can still be usefiil 
analytically. 
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L 5.1.2.2. Selectivity coefficients 
A selectivity coefficient is one of the most important factors of ion-selective 
electrodes (ISEs), on the basis of which the potential application of an electrode in a given 
system can be predicted. Generally, ISEs are mainly membrane-based devices, consisting 
of perm-selective ion-conductive materials, which separate the sample from the inside of 
the electrode. Inside the electrode, a filling solution containing the ion of interest at a 
constant activity is taken into consideration. The membrane is usually non-porous, water-
insoluble and mechanically stable. The composition of the membrane is designed to yield 
a potential that is primarily due to the ion of interest. The purpose is to find membranes 
that will selectively bind the analyte ions, leaving co-ions behind. Thus, membrane 
materials, possessing different ion-recognition properties, have been developed to impart 
high selectivity. Detailed theory of the processes at the interference of these membranes, 
which generate the potential, is available elsewhere [534-536]. Such a potential arises 
whenever the membrane separates two solutions of different ion activities. The resulting 
potential of the ion-selective electrode, which reflects the unequal distribution of the 
analj^e ions across the boundary, is generally monitored relative to the potential of the 
reference electrode. Since the potential of the reference electrode is fixed, the measured 
cell potential reflects the potential of the ISE, and can thus be related to the activity of the 
target ion. Ideally, the response of the ISE should obey equation (1.18): 
E = E° + (2.303 RT/Z/) log a, 1.18 
However, equation (1.18), has been written on the assumption that the electrode 
responds only to the ion of interest, '/'. In practice, no electrode responds exclusively to 
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the ion specified. Tiie actual response of the electrode in a binary mixture of the primary 
and interfering ions ('/'and 7', respectively) is given by the Nikoloskii-Eisenman equation 
[537]: 
E = E° + (2.303 RT/Z^O log(a, + V°'a/-^''^0 i.l9 
where E = potential of the electrode, E° = standard potential of the electrode, a, = 
activity of'/' ions, ay = activity of 7 ' ions, Z, = charge on the ' / ' ion, Zy = Charge on the 
7 ' ion, K/° ' = selectivity coefficient of the electrode in the presence of y ions, which 
measure the relative affinity of ions '/ 'and 7 ' towards the ion-selective membranes. 
No electrode is absolutely selective for a particular ion. Thus, the selectivity of the 
electrode depends on selectivity coefficients. The lower the value of K/*'', the more 
selective is the electrode. For ideally selective electrodes, the K,/°' would be zero. So, it is 
important for the analytical chemist to realize the importance of selectivity coefficient of a 
particular electrode. The inconsistent values of selectivity coefficient may cause problems 
[538-540]. Various methods [541] have been suggested for determining the selectivity 
coefficient, however, it falls in two main groups, namely- (1) Separate-solution method 
and (2) Mixed-solution method. 
Separate-solution methods [542-544]: In the separate-solution method, the 
potential of the electrode E,- and Eyare measured separately in solutions containing '/' only 
of activity a, (no 'y' present) and 7' only of activity ay (no '/' present), respectively and are 
given by the following equations: 
E,- = E° + (2.303 RT/Z/) log a, 1.20 
Ey = E" + (2.303 Kl/Zf) log K/° ' ay 1.21 
Ky^^ can be calculated either with the so-called equal activity or with the equal potential 
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method. In both cases, it is tactually assumed that the electrode standard potentials are 
equal in the presence of ion '/' as well in that of ion 7' and also that the response is 
Nernstain for both ions. According to the method of equal activities the solution of ion '/' 
and 7' are prepared at the same concentration and the potentiometric measurements are 
carried out. From the equations (1.20) and (1.21), we get 
hj — b.j a, 
l ogK/° '= + log ..1.22 
2.303RT/Z,F (sijf''^^J 
The term 2.303RT/Z,F is the slope of Nernst plot. As most of the solid membranes 
exhibit deviation from Nemstian behaviour, the experimental slope (S), usually differs 
from the theoretical slope i.e., 2.303RT/Z,F. Thus, it is a practice to use 'S ' instead of 
Nemstian slope for the calculation of K/"^ As such equation (1.22) takes the form: 
hj — hj a/ 
logK/° ' - + log 1.23 
S {af'"••'' 
Thus, using equation (1.23) selectivity coefficient K/° ' can be calculated. The 
separate solution technique for determining selectivity coefficients is simple and allows a 
number of K/° ' values to be measured on the basis of different activities and potentials. 
Mixed solution methods [545-551]: In the mixed solution techniques, the 
electrode potentials are measured in solutions containing both the primary ion ' / ' and the 
interfering ion 'yO- There are two procedures for determining the selectivity coefficients 
using Mixed Solution Method. 
Procedure 1 In this procedure, the potentials of the electrode E, and E,y are measured in 
solutions of primary ion ' / ' only and a mixture of primary and interfering ion 'y', 
respectively. 
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K/° ' = log[10(^'"^-^'^"^^-l] + ]oga,-Z,/Z,loga, 1.24 
Or, in other form, it can be writen as 
rr 
E;+/ - E; 
a, 
K P°^  = 
2 203 RT/7;F 
10 
• ^ 
-1 .1.25 
a^  VS ^ J 
Procedure 2 In this method, the selectivity coefficients were calculated by the following 
procedure: 
When electrode potentials measured in a number of solutions of varying a, and 
constant a^  are plotted against the activity a„ a curve of the type shown in Fig. 1.32 is 
obtained. This plot generally has three distinct regions. In the first region PQ, the response 
of the electrode is linear that indicates the electrode is responding only to primary ion '/' 
with no interference caused by 'y' in this concentration range. In the second region QR, 
derivation from linearity is caused because now the electrode also responds to the activity 
of 7' as the concentration of'/' decreases. So, in this region (QR), the response of the 
electrode is mixed and is due to both the ions '/' and 'y'- The third region (RS) indicates 
that the electrode is now only responding to interfering ion 'y' with no contribution arising 
due to primary ion '/'. This generally occurs at lower activity of'/'. As the activity of'/ is 
constant and '/' is not affecting the potential in this concentration range, the potential of 
the electrode remains constant. The linear portion PQ and RS are then extrapolated to 
point T. The potential corresponding to point T can be generated by constant activity of 'y' 
or by the activity of'/' corresponding to point T.'Thus for point T, E, is equal to E^  (E, is 
generated by '/' of activity a, and E, by 'y' of activity a^ ). Under this condition of E, = E^ , 
the following equation is obtained from equatin (1.25) -
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j ^ pot _ a,-
..1.26 
m/zj) 
The value of K/° ' = 1 at Zi = Z/ indicates equal response to both '/' and ' /• 
Similarly the values of K/°^ < 1 indicates that the sensor responds more to '/' in 
comparison to 7' and vice-versa for K/"' > 1. However, when Zi ^ Zj, the value of 
selectivity coefficients indicating equal response to primary (/) and interfering (/) ions. 
This method is also known as Fixed Interference method (FIM) and is the most 
widely used procedure as per lUPAC recommendation for determining selectively 
coefficients. In conclusion, it must be pointed out that the selectivity coefficient data 
depends to a great extent on the method used for the deteimination and also on the 
concentration level of the primary as well as the interfering ion, and on the nature of the 
electrode membrane. 
Fig, 1.32. Calibration curve illustrating determination of selectivity 
coefficient by fixed interference method (FIM). 
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1.5.1.2.3. Response time 
Another important factor besides linear response that commends the use of ISEs or 
membrane electrode is the promptness of the response of the electrode. The response time 
of an ion-selective electrode is the time needed to attain equilibrium value (i.e. to obtain a 
steady potential) within ±1 mV after a ten-fold increase or decrease in the concentration of 
the test-solution. However, the interpretation of response time varies from a group of 
workers to others. Punger et al. [552-555] have discussed this aspect in details. 
Heterogeneous solid-state electrodes with poIy(vinyl chloride) matrix take less than 
two minutes to reach equilibrium, but the presence of interfering ions may significantly 
affect the response time [556]. Generally, with all types of ion-selective electrodes [557-
559], the following points may be observed: 
> Steady potential can be read out depending on the rate of stirring, especially at low 
activities. Differences in potential response between stirred and unstirred solution, and for 
different rates of stirring may occur. 
> Several seconds are needed for various electrodes in 1 M solution, whereas several 
minutes are needed at the limit of electrode detection. 
> The electrode response is more rapid when going from dilute to concentrated solution with 
the exception of the sodium electrode. 
> The speed of response and stability of the potential are much better with solid-state 
membrane electrodes than with the liquid membrane type electrodes. 
However, in the report of recommendations for the nomenclature of ion- selective 
electrodes [560] an lUPAC Commission has recommended the use of the practical 
response time. When the composition of a solution in contact with a membrane is 
changed, a new equilibrium has to be established. The length of the time necessary to 
reach the 'final equilibrium' potential within a given limit is denoted as "Response Time". 
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In this version, the given limit is taken to be ± 1 mV. 
The response time of ion-selective membrane is of great importance from the point 
of view of the analyst and should be considered as one of the chief characteristic of these 
membranes. At present no completely satisfactoiy model is available to explain the 
potential time behavior for solid-state membranes. 
1.5.1.2.4. Effect of pH 
The membrane electrodes with polymer binders like PVC do response to change 
in the pH value of the solutions. So it is necessary to study the effect of pH and the 
favorable working range of pH has to be evaluated for accurate measurements. Since in 
membrane electrodes one or other polymeric binder was used for the construction of the 
membrane, it is necessary that one finds out the effect of pH on the electrode response. 
The electrode could be safely used for measurements of their ions provided the pH of 
the solutions used falls in the range where the electrode response does not change with 
the pH, and this pH range is used as working pH range of the electrode. 
1.5.1.2.5. Effect of non-aqueous system 
The Nemst equation (E = E° + R/«F0) is obeyed in as many organic solvents as in 
water. It has been observed that the constant E° is more negative in the presence of 
organic solvents than in pure aqueous medium, and its value depends on both the nature of 
the solvent and the pH of the medium. The shift is mainly due to the asymmetric potential 
across the membrane of the electrode because of the presence of different solvents on 
either side of it. 
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1.5,1.2.6, Life span of membrane electrode 
The life span of membrane electrodes depends on the following factors: 
1. The type of the electrode and the nature of its membrane 
2. Operation Temperature 
3. Concentration of the measuring ion 
4. Presence of interfering or corrosive substances, and 
5. Operation condition or technique {e.g., in a flowing or closed system). 
Ion-exchanger membrane electrodes can be used for one to three months in 
continuous service. This short lifetime may be related to the gradual loss of the ion-
exchanger through the porous membrane. The membrane, internal filling solution and the 
ion-exchanger are replaced when the electrode response becomes noisy or drifts. In 
general, the membrane electrodes and the gas sensing membrane probes are good for use 
through a period of one month or longer if no mechanical problems such as leaking 
develops [561]. 
So, in order to find out the life time of the electrode, the electrode response were 
noted every week and response curve is drawn for the data usually at the initial period 
some changes in the response are noted vis-a-vis the slope of the response curve but after 
the week or so, the electrode response remains fairly constant over a period of time after 
this period the electrode starts behaving erratic, therefore cannot be used for any 
measurements. This period over which the electrode response is constant can be called a 
life of electrode. The life of studied membranes ranges fi*om 45 to 120 days. 
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1.5.2. Literature Review on Membranes and Ion-Selective Electrodes 
At present the membrane technology has been a thrust area of research. The 
membrane research involves several scientific disciplines. Polymer chemists, physical 
chemists, chemical engineers, medical professionals, bio-technologists and 
environmentalists all are keenly taking interest in the membrane science and 
technology. A number of separation processes like electrodialysis, ultrafiltration, hyper 
filtration (reverse osmosis), microfiltration, nanofiltration and gas separation processes 
involve the membranes in one way or the other way. The particular category of 
membranes has also been used as potentiometric sensors. The present thesis deals with 
the ion-exchange membranes obtained by embedding composite ion-exchangers as 
electroactive materials in polymer binders, i.e. epoxy resin (Araldite) or poly(vinyl 
chloride) (PVC) have been extensively studied as potentiometric sensors, i.e. ion-
sensors, chemical sensors or more commonly ion-selective electrodes. Keeping these 
limitations in mind the review is confined mostly on the ion-exchange membranes 
mainly studied as potentiometric sensors. 
A large number of ion-selective electrodes using ion-exchangers have been 
developed during the past 25 years. The literature survey reflects good volume on this 
topic and it is very difficult as well as unmanageable to compile all of them here. The 
research work on these ion-selective electrodes has begun in 1920's but their systematic 
studies started after E. Pungor et «/. [562,563] in 1961. They studied the behavior of 
silver iodide precipitates as a model substance. Undoubtedly, the findings of Pungor's 
group given like an opening for the research in this field. These ion-selective electrodes 
(ISEs) become alternate of complicated instruments like visible spectrophotometer, 
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atomic absorption spectrophotometer, inductively coupled plasma instrument and 
electron spectrophotometer for chemical analysis etc. for the determination of vaiious 
cations and anions. Research in the field of ISEs was enormously stimulated by the 
publication by Frant and Ross [564,565] of their articles on the fluoride and calcium 
ion-selective electrode. A number of review articles [566-575] have come across from 
time to time towards the work done by various eminent persons. These review articles 
deals with the subject on theoretical as well as on practical fronts. A lot of applications 
have also been their interest in analytical, chemical, pharmaceutical and in 
environmental disciplines. Most of the membranes have been prepared in the foim of 
pellets by pressing the material in an inert polymer like PVC, silicone rubber, 
polystyrene, polyethylene etc. Use of PVC matrix membrane is not by any means 
restricted to ion-selective electrodes and the simple fabrication can easily put their 
selectivit}' to wider service in selective extraction and even for the transport of ions 
against their concentration gradients. 
An epoxy resin {e.g. Araldite) first used by Coetzee et al. proved to be the most 
suitable and widely used material. They have worked on thallium(I) heteroployacid 
salt-epoxy resin membranes in their studies and they also have determined Cs"^  
potentiometrically [576,577]. Tungstoarsenate based ion-selective membranes have 
been developed by Malik et al. [578] and found very much suitable in the determination 
of Cs"^andTr ions. 
There has been widespread interest in developing ion-selective electrodes (ISEs) 
for determining alkaline earth metals, as they exist in diverse samples. Amongst the 
alkaline earth metals, most investigated and developed ISEs are Ca -selective 
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electrodes. The first Ca^^-selective electrode was a liquid membrane electrode 
developed by Ross [565]. It was prepared by using a liquid membrane of didecyl -
94-
phosphate in di-n-octyl phosphonate. The useful Ca" -selective electrodes were 
developed by Thomas, Moody and coworkers [579,580] by incorporating Ca-bis[2,6-
dinitro-4-(l,l,3,3-tetramethylebutyl)] phenoxide and Ca-bis[di{4-(l,1,3,3-
tetramethylbutyl) phenyl}]phosphate in PVC. These electrodes have fast response time, 
showed good selectivity for Ca^ "^  over a large number of cations. Makcervey and 
coworkers [581] have reported the Ca-selective electrodes based on calix[6]arene 
tetraphosphine oxide with excellent characteristics. The ligand, calix[6]arene bearing 
phosphine oxide ligand groups on the lower rim and this is the first report that such 
ligands can discriminate in favor of calcium ions against magnesium ions and other 
alkaline metal ions. This calcium selectivity is in complete contrast to the behavior of 
the known calix[6]rene tetraester derivatives which are selective for sodium against 
other alkali metal ions and group II ions. Electrodes based on PVC membrane 
incorporating ligand display almost Nemstian slopes and excellent selectivity against 
common interferents, including magnesium. The electrodes demonstrated effective 
lifetimes of at least 7 weeks and very fast response times. 
Didina et al. [582] studied the influence of H"^ , Li"^  and Cs"^  on the potential of 
the Ca-selective PVC electrode membrane comprising thenoyl trifluroacetone, a 
complexing ion-exchanger and triheptylphosphate, as a plasticizer. The anomalous 
behavior of these cations was explained by the formation of association between cations 
and ion-exchanger. Chattopadhyaya and Misra [583] reported the Ca -selective 
heterogeneous precipitate based membrane using Ca(II) rhodizonate as the electroactive 
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material. The electrode was used as an indicator electrode in the precipitation titration 
0fCaCl2withNa2C204. 
Little work has been done on the developments of ISEs for two alkaline earth 
metal ions, Mg and Sr . Only few such electrodes are reported which show 
interference to other alkaline earth metal ions. Recently, an electrode prepared using a 
94-
membrane of phenylene bis(ditolylphosphineoxide) in PVC was reported as Mg -
sensor [584]. The electrode shows good selectivity towards Mg'^ '^  over Ca^ '^  and works 
well in the concentration range 6.0 x 10'^ - 1.0 x 10"^  M. Another electrode for Mg^ "^  has 
been developed by O'Donnell and coworkers [585] using various octamethylene 
bis(malonic acid diamides) and tris(malonic acid diamides) in PVC with 2-
nitrophenyloctyl ether as solvent mediator. Maj-Zurawska [586] has reviewed the 
requirements for the magnesium ionophores used in ion-selective electrodes. The 
search for the best magnesium ionophores, in particular having good selectivity for 
magnesium over calcium led to study of differing groups of compounds, (B-diketones, 
monoamides of carboxylic acids, bis- and tris-malondiamides, as well as some of their 
compounds. As the analytical applications of magnesium ion-selective electrodes are 
mainly connected with clinical analysis, so the possibility of simple determination of 
ionized magnesium in blood offers a number of diagnostically important information in 
medicine. 
The characteristics of Mg selective electrode with a polymeric membrane and 
self-made electrode body are presented by Leoca and coworkers [587]. Membranes are 
based on PVC-HMW, with different plasticizers N,N'-diheptyl-N,N'-dimethyl-l,4-
butanediamide (ETH 1117) as a neutral ligands and a various amounts of lipophilic salt. 
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The electrode exhibits a linear response in the concentration range 10"^ -10"^  M Mg^ ^ 
with a slope of-23.1 mV/decade. The electrode shows good selectivity towards Na" 
and K"^  and presents considerable interference from Ca^ "^ . The pH of the test solution 
influences the response was found to be over pH = 10 and under pH = 5. Meyerkoffet 
al. [588] describes the effect of non-ionic surfactant containing poly(ethylene oxide) 
units (Brij 35 and Triton X-100) within these structure and alkyl-N-methyl glucamide 
(MEGA) based surfactants on the potentiometric response of neutral carrier based Mg-
selective electrodes. Results are presented for plasticized PVC membranes doped with 
Mg carrier ETH 7025 along with the lipophilic anionic additives. Experiments were 
carried out in model electrolyte solutions and the compositions were found to be similar 
to that of the blood serum. The ion selectivities of Mg-selective membrane electrodes 
can be affected greatly by the presence of Brij 35 or Triton X-100 in the sample. 
The first useful Sr -selective electrode was developed by Bawnann [589] using 
strontium complex of polyethylene glycol as electroactive material. The electrode was 
selective towards Sr over Ca and other bivalent cations with the exception of Ba 
94-
and Hg . Srivastava and coworkers [590] have reported a heterogeneous membrane 
using hydrous thorium oxide embedded in polystyrene while Jain et al. [591] have used 
94-
strontium tungstoarsenate in araldite for Sr -selective electrodes. The membrane 
electrode has been used as an end point indicator in the potentiometric titration 
involving Sr ions against diammonium hydrogen phosphate. 
Ba^" -^selective polymeric membrane electrodes have been constructed from 
lipophilic electrically neutral carriers [592] and neutral carboxylic polyether antibiotic 
[593,594] and have been found suitable for the titration of Ba^ "^  in non-aqueous media 
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as well as for the detemiination of S04^" in the combustion products. The membranes of 
benzo-15-crown-5 and its Ba-complex prepared by using an epoxy resin binder were 
also found suitable as Ba" -sensor [595]. These electrodes show good selectivity for 
Ba'"" and also used for the titration of Ba"" against SO4 ". Thomas and coworkers [596] 
have prepared two ISEs for Ba"""^  that make use of the membranes of non-ionic, Antarox 
CO-880 and its Ba-complex in PVC matrix. The electrodes were assessed for 
measuring SO4 " by anaiate subtraction. Recently, Bouklouze and coworkers [597] have 
used ethylene/vinylacetate-based membranes of binaphthyl polyether as Ba sensors. 
The sensors work in the concentration range 3.0 x 10" -1.0 x 10" M Ba and have been 
used as indicator electrodes for detennining the end point in the potentiometric titration 
of SO4" in mineral water. 
Comparatively less is known about the detemiination of the rare earths using 
ion-selective electrodes. Zhang [598] published a micro review on the determination of 
rare earth with ion selective electrodes. The review reports the construction of rare earth 
electrodes, the types of electroactive materials including metal oxides, salts and rare 
earths containing polymers and organic reagents used. Wu et al. [599] prepared a heavy 
rare earth ion-selective electrode containing Ag/AgCl as an internal electrode selective 
electrode by heat-pressed method using ytterbium-containing polystyrene as the active 
materials. The electrode is found to be feasible for the determination of heavy rare 
earths at pH 5.5-6.3 in flow injection system. Solid-state electrodes were prepared in 
PVC matrix showed the better sensitivity than other electrodes for the rare earth 
determination [600-602]. Chattopadhyaya et al. [603] prepared the coated wire ion 
selective electrode (CWISE) for La(III) using lanthanum(III)-p-nitrobenzeneazo-
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chromotrope-213 as an electroactive material. Recently, Agarwal et al. [604] have 
reported the rare earth hydroxamate complexes as sensor material for the ion-selective 
electrodes. The use of crown ethers in the determination of rare earth metal ions has 
also been explored. Shih [605] has reported the Cs"^  selective PVC membrane electrodes 
based on 15-crown-5-phosphotungstic acid (PW), 12-crown-4-PW, l,4-dithia-12-
crown-4 and l,4-dithia-15-crown-5 as neutral carriers. These crown ether electrodes 
exhibited good linear response of 60 mV/decade for cesium. Pan el al. [606] 
synthesized the saturated urushiol crown ether rare-earth complexes (Ln = La-Nd) by 
the reaction of lanthanide nitrate and DSU SOCIO in acetonitrile solution. The 
lanthanum ion-selective electrode exhibited the linear responses in 1 x 10"^  - 1 x 10'^  
mol/L La(N03)3. This electrode showed better selectivity than other La(III) electrodes 
reported in the literature. 
The determination of heavy metal ions in water, soil, effluents and other samples 
is important in view of their toxic nature above certain concentration level. As such, 
efforts have been made by many researchers in the filed of ISEs to develop sufficiently 
selective sensor for heavy metal ions, which may permit quick and reliable estimation. 
A large number of electrodes have been reported for the estimation of Ni [607-617], 
Zn^^ [618-624], Cu^^  [625-650], Cd^ ^ [651-662], Pb^^ [663-707], Hg^^ Al^" [709-717], 
Fe^^ [718-725] etc. in the literature. 
Chelating ion-exchanger resins are found to possess specific selectivity for 
some metal ions and play an important role in separation processes. Srivastava et al. 
[616] have reported the utility of salicylaldoxime-formaldehyde resin membranes for 
the estimation of Zn . Recently, Wardak et al. [617] studied the properties on the ion 
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selective electrode with a chelating pseudo-liquid membrane phase for Zn^^  
detennination. Literature survey reveals that the first Ni-ISE was developed by Pungor 
and coworkers [618] using nickel-dimethyl glyoxime complex. Later on, heterogeneous 
membranes of nickel phosphate [619] in paraffin and silicone rubber, bis-2-
(ethylhexy])phosphate [620] in PVC and nickel complex of 1,4,8,11-
tetraazacyclotetradecane [621] in araldite were used for preparing electrodes. A 
chelating ion-exchange resin (l-hydroxy-2-naphthaldoxime-formaldehyde polymer) 
containing nitrogen and oxygen donor atoms are prepared and characterized by 
Srivastava et al. [624]. The resin behaves as a selective cheating ion-exchanger for 
some metal ions. The PVC based membrane electrodes for the resin shows a Nernstian 
response for Ni over a wide concentration range (2.94 x 10 - 5.87 x 10 mg/dm ) 
between pH 3.0 and 7.5. The electrode is found to possess adequate stability and 
specific selectivity with a response time of 10 s. The sensor can also be used in partially 
non-aqueous medium having a 35% (v/v) non-aqueous content. Cu(II) is an essential 
element and is also toxic at elevated concentration. Its reactivity and biological uptake 
are strongly influence by the free ion concentration that is controlled by the extent of 
9-i-
copper complexation with ligands. Potentiometric measurements with a Cu ion-
selective electrode allow directly determining free ion concentration in water samples. 
For copper determination, solid membrane electrodes based on copper sulfide [625-
628], tungsten oxide [629], ion-exchangers [63.0,631] and copper(III) complexes [632-
637] as electroactive material have been tried as copper potentiometric sensors. In order 
to obtain on macrocyclic polyethers [638,639] and polymethylidene [640] have been 
developed. Talantsev and Syroratskaya [647] determined Cu potentiometrically by 
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using ISEs with a crystal membrane, which is found to be more sensitive than the 
photometric method using diethylthiocarbamate. Comparative analyses were made with 
river water and the method has better characteristics than the photometric method and 
can be used for the analysis of natural and ^ '^astewaters. Recently, Banes et al. [650] 
have synthesized a novel highly copper(II) selective chelating ion-exchanger electrode 
based on poly(glycidyl methacrylate-co-ethylene dimethacrylate) beads modified with 
aspartic acid derivatives. 
In measuring the heavy metals ions like Cd^ "^  in the industrial wastewater, the 
ion-selective electrodes are very convenient because of simplicity and selectivity. Ross 
et al [651,652] have reported the precipitate based solid state CdS-Ag2S mixture 
membrane by stoichiometric reaction. Also, Hirata et al [653] have developed the 
ceramic solid-state CdS-Ag2S mixture membrane by baking the CdS-AgiS mixed 
powder or its pressed membrane at 700 °C. Hopertenam and Cosma [655] have 
reported some preparation methods for mixtures of cadmium and silver sulfides with 
Cd^ "*^ -selective electrode properties. Sodium sulfide, thioacetamide and sodium 
thiosulfate were used for simultaneous precipitation of CdS and Ag2S. 
The selectivity of the Cd^ "^  ion-selective electrode is affected by Cu^ "^ , Pb^ "^  and 
Fe^^ ions co-existed in industrial wastewater. Also, it interfered by an oxidizer such as 
chlorine or hypochlorite ion. The detection limit and the calibration curve were slightly 
changed by pH of samples as in basic solutions, Cd ion becomes cadmium hydroxide 
Cd(0H)2. In the acidic solution, the detection limit becomes inferior owing to the 
increasing of solubility of CdS. All sample measurements should be performed in the 
9-1-
best pH region. Therefore, the buffer solution for Cd ion measurement such as Orion 
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TISAB (total ion strength adjustment buffer) [656] for the fluoride ion measurement, 
which could mask the interfering substances, was developed for the practical use. 
Loginova and Chernysheva [657] have also reported the Cd -buffer for potentiometry 
with ion-selective electrodes in miceller m.edia. 
Srivastava et al. [658] have reported a pjasticized PVC based membrane of 
benzo-15-crown-5, which exhibited a good response for Cd in a wide concentration 
range (3.16 x 10"^  - 1.00 x 10"' M) with a slope of 20 mV/decade of [Cd^']. The 
electrode was used at one stretch, for a period of 2 months and is played good 
selectivity for Cd over alkali, alkaline earth and transition metal ions. The membrane 
sensor was also used as an indicator electrode in potentiometric titration involving 
Cd(II) ions. Parez-Marin and coworkers [659] have used 2-fliroyl-3-benzyl-3-
phenylthiourea, which was deposited on an epoxy resin and employed as neutral barrier 
for the ion detection of cadmium. The sensor exhibits a Nemstian slope of 29.8 
mV/decade. Potential response of Cd(II) ion-selective electrode based on 
cyanaocoplymer matrixes and 8-hydroxyquionoline as ionophore was evaluated by 
Gupta and D'Arc [660]. The cyano groups of the copolymers contributed significantly 
to enhance the selectivity of the electrode. The electrode showed an appreciable 
average life of 6 months without any significant drift in the electrode potential is 
explained considering phase boundary model based on thermodynamics considerations. 
Recently, Shamsipur and coworkers [661] have developed a cadmium(II) ion-
selective membrane electrode based on newly synthesized [l,r-bicycIohexyl]l,r2,2'-
tetrol as membrane carrier. The proposed membrane sensor shows excellent 
discrimination ability towards Cd ion with regard to several alkali, alkaline earth, 
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transition and heavy metal ions. It was successfully applied for the direct determination 
of Cd^^ in solution and as an indicator electrode in potentiometric titration of cadmium 
ions. Singh et al. [662] have reported a polystyrene based membrane of 3,4,12,13-
dibenzo-2,5,ll,14-tetraoxo-l,6,10,15-tetracyclooctadecane as a membrane carrier for 
Cd^ ^ ions. It was found that some amounts of surfactants do not disturb the functioning 
of the sensor and also used to estimate Cd^ ions in real samples. 
Because of the increased industrial use of lead, at one hand and its serious 
hazardous effect to human health, on the other [663], the electrochemical properties and 
preparation of the Pb(II) ion-selective membrane electrodes have been extensively 
studied by using different active materials. Thind et al. [664] have developed Pb ion-
selective membrane using lead antimonate as an electroactive phase and araldite as an 
polymer binder. Gupta et al. [671] have published their results on the studies of araldite 
based Zr(IV) tungstophosphate (ZWP) membrane as Pb(n) ion-selective electrode. 
ZWP is a cation-exchanger has been used as an electroactive phase. Besides the solid-
state membranes [664-671] and liquid ion-exchange membranes [672,673], there has 
been recently increasing interest to the use of ionophore ligands as sensing materials for 
neutral carrier type Pb(II) ion-selective electrodes, mainly due to the unique 
9-1-
selectivities of these compounds. Most of the about 20 Pb -selective ionophores 
described so far have been characterized in ISEs [674]. 
In 1986 Sh-igun et al. [675] used five macrocyclic ligands as Pb carriers in PVC 
membranes plasticized with 66% dioctylphthalate or o-nitrophenyl octyl ether. 
Dibenzo-18-crown-6 and diazadibenzo-18 crown-6 was found to be good carriers for 
r 9 
Pb-selective electrodes for potentiometry in solutions containing 2 x 1 0 ' - Ix 10' M 
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Pb. In 1987, Navikov et al. [676] used dibenzo-18-crovvn-6 and 3,17-diazadibenzo-18-
crown-6 as carriers for lead selective electrodes. Lead in environmental samples was 
determined by an ISE by Li and Liu [678]. In 1995, a PVC-based membrane of 15-
crown-5 was used by Srivastava et al. [679] for a lead selective electrode. Tavakkoli 
and Shamsipur [680] had reported a Pb-ISE based on dibenzopyridino-18 crown-6 as 
membrane carrier. This lead selective electrode exhibited comparatively good 
selectivities with respect to alkali, alkaline earth and some transition and heavy metal 
ions. Recently, Malinowska et al. [686] have reported a lead selective membrane 
electrode containing ionophores based on diaza-18-crown-6 units possessing amide and 
sulfonamide functions. Ganjali et al. [697] have reported a PVC membrane electrode 
for Pb^^ ion based on recently synthesized dimethylbenzotetrathiafulvalene as 
membrane carrier. The electrode has found a verj^  low limit of detection of 8 x 10'^  M 
and can be used as an indicator electrode in potentiometric titrations of Pb"" ions in 
both H2O and 90% MeOH solutions. 
Ensaf et al. [701] have prepared the lead(II)-selective membrane electi'ode by 
incorporating cryptand(222) as the neutral- canier into a plasticized PVC membrane. 
The electrode was used as an indicator electrode in the potentiometric titration of Pb^ "^  
withEDTA. Vardhan and Singh [702] have reported a lead(II)-selective electrode 
having a chelating ion-exchange resin (salicylaldoxime-fonnaldehyde polymer) 
containing nitrogen and oxygen donor atoms, as electroactive material. The 
characteristics of two ion-selective electrodes based on PVC and polystyrene membrane 
in the presence of interfering ion has been studied. The ion-exchange coefficients and 
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diffusion of Pb(II) in Nafion-modified electrodes were detennined by Liu et al. [703] in 
the process of ion-exchange. 
Jain et al. and Srivastava et. al. have also fabricated polystyrene supported 
heterogeneous ion-exchange membrane electrode of heteropolyacid salts {e.g. Ce(IV) 
selenite) which were found to be selective for Hg^ "^ . Recently, Abbas et al. [708] have 
reported a new triiodomercurate-modified carbon paste electrode for the potentiometric 
determination of Hg(II) ions. Potentiometric determination of Hg(II) was also reported 
by some other workers [709]. 
A less attention has been made for determining tripositive metal ions. Veiy few 
potentiometric devices have been designed for aluminum [710-713]. Recently, Saleh et 
al. [Ill] have reported a novel potentiometric membrane sensor for selective 
determination of Al(III) ions. In this PVC matrix membrane sensor incorporating 7-
ethyIthio-4-oxa-3-phenyl-2-thioxa-l,2 dihydropyrimido[4,5]pryimidine ionophore has 
been used as membrane carrier for Al^ "^  ions. This electrode has a minimal interference 
ofPb^^andHg^^ ions and successfully applied for the potentiometric titration of HPO4" 
with Al and for direct potentiometry of Al content of some rock samples. A novel 
Fe(in)-selective PVC membrane electrodes based on fonnylsalicyclic acid derivatives 
were also reported by Saleh [713]. Fe'*'^  ion-selective membranes sensor based on the 
use of coated wire anionic membrane incorporating tetrachloroferrate(lII)-aliquate 
suffered from significant interference from many cations such as Sn" ,^ Hg^^ and Zn^ "^  
[720]. These difficulties also arise on using a heterogeneous solid-state cation-
exchanger membrane with stannic arsenate dispersed in epoxy resin [721]. Volkov et al. 
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[724] have developed a Fe(III) selective solid phase electrode with an ion-sensitive 
material Fe(III) metavanadate. 
1.5.3. Applications of Ion-Exchanger based Membranes and Ion-Selective 
Electrodes 
The membrane separation technology occurred more than a quarter century ago 
when Srinivasa Sourirajan, a physical chemist working at the University of California, 
Los Angeles, announce the development of the first synthetic symmetric membrane that 
could be used for "surface skimming" of sea water or brackish water for the production 
of pure water by ion-exchange membranes. Besides these, the membrane technolog}' 
has been in practice in water treatment to provide potable water. Ion-exchange 
membranes Neosepta type prepared by Mizutani et al. [726] mainly for chemical 
utilization of desalination of seawater in Japan have also been found to respond as 
suitable membrane electrode [727]. 
Recently, polymer based inorganic ion-exchanger membranes have become a 
research target because the exchangers act as an electroactive phase and polymers {i.e., 
cellulose acetate, polysulfone, polypropylene, polyvinylidene, regenerated cellulose, 
polyacrylonitrile, polyamide, polycarbonate, organic conducting polymers, etc.) provide 
binding support to these material to shape into membrane. These membranes are being 
investigated towards their employment as biosensors, chemical sensors and ion-
selective electrodes. These ion-exchange membranes having some charge over them 
therefore may be utilized for the recovery of selective ionic species from industrial 
effluents etc. in better way and may be helping tool to solid waste management. Thus, 
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ion-exchange membranes have been extensively employed in various applications i.e., 
in fuel cells, acid recovery, stabilization baths, such as aluminum anodizing, steel 
pickling etc., substitution reactions-adjustment of acid in juice production of inorganic 
and organic chemicals, chloralkali cells, electro-dialysis, purification of H2SO4 and 
HCl, recover)' of HNO3 and HF, extraction of transition metals by using liquid ion-
exchange membranes, and in a number of environmental pollution abatement processes 
like solid waste management, etc. 
Nowadays, many efforts have been taking to improve the method of preparations 
of different kind of ion-exchange membranes. Recently, Towe and Yagar [728] have 
reported the different method of manufacture and its uses of ion-exchange membrane. 
Terada et al. [729] prepared polyolefm based heterogeneous ion-exchange membranes 
with low electrical resistivity and high mechanical strength comprising ion-exchange 
resins {e.g., Diaions SK-18, Diaion SA-lOA), and binder polymers containing LDPE 
and EPR or EPDM. 
Sata [730] reviewed with 24 references on the preparation of the composite ion-
exchange membranes. The composite membranes have applications to Jithium battery, 
ferric and ferrous ion redox cell and humidity sensors. While Sengupta et al. [731] 
made the selective removal of heavy metals from sludges or soil using composite ion-
exchange membranes. Xu et al. [732] manufactured the ion-exchange membranes with 
microporous polypropylene having a thickness of 15-50 urn. 
Wang et al. [733] made the selection of inorganic ion-exchangers for removing 
cesium. They studied the properties of five series and twenty types of inorganic ion-
exchangers for removing Cs(I) from acidic high-level radioactive liquid waste. The 
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results showed thai Ti[Fe(CN)6]/K4[Fe(CN)6] prepared by sol-gel technique had high 
mechanical property, excellent ion-exchange property and their selection as the ion-
exchanger for removing Cs(I) from high level radioactive liquid waste. Xu et al [734] 
also reviewed with 37 references on the development and applications of ion-exchange 
membranes in the treatment of industrial wastewaters. 
The determination of Ca" and Mg by potentiometric titration using ion-
selective electrode as the indicator electrode, and EGTA and EDTA as the titrants were 
reported by Fang and Dan [735]. The method was used to determine the amount of 
Ca""^  and Mg^ '^  in mineral water and silicate samples with satisfactoiy results. Similarly, 
Agarwal et al. [736] determined the water hardness directly by using Mg(II) ion-
selective electrodes comprising Mg(II)-N-phenylbenzohydroxamate complex as an 
electroactive material. This membrane electrode exhibited almost equal selectivities for 
Ca^ ^ and Mg^ "", thus can be used for the simultaneous determination of both ions. 
Recently, Gupta et al. [737] have also reported the amount of hardness of water using 
heterogeneous inorganic ion-exchanger based Mg(II)-selective electrode. Stephen et al. 
[738] used the immobilized molten salt membrane based magnesium sensor for 
aluminum-magnesium melts. The activity of magnesium in the aluminum-magnesium 
melt was detemiined with respect to a pure magnesium reference contained in the 
inside of the thimble and sealed from the surrounding atmosphere and melt by zirconia 
based cement. Measurements were conducted in various commercial aluminum-
magnesium alloys under inert atmosphere as well as in air. 
A short review on the application of membrane technology in food technology 
has been reported in the literature [739]. Lee et al. [740] investigated many PVC 
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membrane electrodes for the determination of basic drugs like chlorpromazine, 
amityline, nortiptyline, etc. Wen el al [741] have reported a methylene blue PVC 
membrane electrode based on methylene blue-phosphotungstate ion pair complex as 
electroactive material and its successful use in the determination of methylene blue in 
injection. A good agreement for the results of methylene blue content in injection 
between the potentiometric method and the United State Pharmaceutical standard 
procedure are found. An anticancer drug e.g., tetracycline hydrochloride was 
successfully determined by using both coated wire and the conventional polymer 
membrane types electrodes by Issa et al. [742]. These electrodes are based on 
incorporating the tetracycline-phosphotungstate ion association in plasticized PVC film. 
Recently, Sirkar [743] reviewed the application of membrane technologies in the 
pharmaceutical industry with 29 references. This review covers the most recent 
application of membrane technologies in blood range of separation, concentration and 
purification needs. A number of technologists and scientists have also found the new 
areas to employ the ion-selective electrodes in various types of analyses of blood, 
plasma serum and of surfactants. 
A heterogeneous membrane in which Zr(IV) tellurite gel was embedded in 
polystyrene was used to prepare an electrode that was used by Srivastava et al. [744] 
for the estimation of Cr(IV) in water, and in tannery and plating wastes. Recently, 
Pareau et al. [745] have developed a novel procedure for purification of liquid 
industrial effluents by eliminating the heavy metals ions. In this, an emulsion liquid 
membrane extraction process was developed to recover lead and cadmium from 
industrial effluents. The best carrier was found to be the Cyanex 301 or a mixture of 
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cyanex 301 and Aliquat 336. Similarly, Pradelle and Cueille [746] focused on the 
inorganic membrane-innovation process for the chemical industries. 
Zhou et al. [747] determined the aluminum powder content of propellent powder 
(Type-71-25) with a fluoride ion-selcctive electrode. Sakurai et al. [748] detennined the 
Fe(III) ion concentration in acidic solution for the treatment of steel, stainless steel and 
special steel by using a copper ion electrode or a redox electrode. Similarly Ion et al. 
[749] have reported the potentiometric determination of Fe(in) in fertilizers using ion-
selective electrode with liquid membranes, which is based on the complex crystal 
violet-tetrachloroferrate(III). Li and coworkers [750] have reported the fast 
determination method of free calcium in human milk with ion-selective electrode. 
Wang [751] have developed the principle and method for detemiining the lime potential 
in soil with pH glass electrode and PVC membrane calcium ISE. The neutral carrier 
ETH 1001 is used as the electroactive material for the calcium ISE. The effect of the 
contents of total salt, ferric oxide, and organic matter were also studied. 
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1.6. OBJECTIVES AND SCOPES OF PRESENT INVESTIGATION 
It is well-accepted fact that the progress of mankind today is directly or 
indirectly dependent on advanced technology materials (high performance materials) 
that perform better and open new dimensions in research and development. Among the 
major developments in materials in recent years are composite materials. In fact, 
composites are now one of the most important classes of engineered materials, as they 
offer several outstanding properties as compared to conventional materials. These 
materials have found increasingly wider utilities in the general areas of chemical 
sensors, chromatography, fabrication of selective materials, and electrical and optical 
applications. 
The materials that are used as ion-exchangers have attained an appreciable status 
in current research because they have become a part and parcel of a number of 
laboratories and industrial units in one way or other. The disciplines like analytical 
chemistry, electro-analytical, medical, agriculture, potable water, power generation, 
textile and environmental etc. have been using these materials which belong to organic 
as well inorganic origin. Both origins exhibit merits and demerits over one another in 
practice. Organic ion-exchangers (ion-exchange resin) have higher ion-exchange 
capacity, chemical stability and better regeneration characteristics, while inorganic ion -
exchangers exhibit higher thermal and radiation stability, rigid structure and undergo 
for negligible swelling. Inorganic ion-exchangers of double salts of polyvalent metals 
(three components or heteropolyacid salts) often exhibit much better ion-exchange 
behavior as compared with single salts of pol}'vaIent metals (two components). It has 
137 
been found that simple inorganic ion-exchangers are applicable for ionic species, while 
ligand intercalated or composite ion-exchange materials can be employed for ionic as 
well as non-ionic species. 
The primary objective of the present work is to develop simple, selective, 
sensitive and economical materials for the determination of toxic metal ions that have 
been causing health hazards to human life. That's why, in order to get combination of 
the above advantages and to increase interlayer distances of layered inorganic ion-
exchangers to accommodate large species or complexes, 'organic-inorganic' hybrid 
ion-exchangers have been developed through the incorporation of organic monomers 
into the inorganic matrices. The introduction of various organic polymers, chelating or 
intercalating agents boost the selectivity towards particular ionic as well as non-ionic 
moiety, and the development in their synthesis employing conducting polymers (such 
as polyaniline, polypyrrole etc.) into the matrices of two components or three 
components inorganic ion-exchange materials based on polyvalent metals i.e., tin, 
titanium, antimony, zirconium, niobium, tantalum, etc. with tungstate, phosphate, 
antimonite, molybdate, arsenate, etc. that provide much better mechanical and 
granulometric properties. Therefore, these composite ion-exchange materials have well 
established their position in separation science and technology, and have been used in 
the separation and preconcentration of metal ions as well as recovery of heavy metals 
from various waste effluents to decrease the pollution load in the environment. 
'Organic-inorganic' composite materials having conducting behavior also show 
various applications in electronic and photonic systems. Most of them show the 
electrical conduction behavior in the semiconductor region and hence they can be used 
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as semiconducting materials. Nowadays, these materials have been used in the 
preparation of potentiometric sensors, i.e., gas sensors, chemical sensors, bio-sensors, 
ion-sensors as well as ion-selective electrodes which are of vital analytical and 
environmental interest. The integration of chemJcally sensitive membranes with solid 
state electronics has led to the evolution of miniaturized, mass produced potentiometric 
probes known as ion-selective field effect transistors (ISFETs). 
Although there is a wide variety of conjugated polymers synthesized so far and 
many are expected in future, polyaniline (PAni) and polypyn-ole (PPy) have been 
selected as conducting components for the preparation of conducting composites with 
inorganic precipitates of polyvalent metal acid salts after a very careful consideration of 
merits and demerits in the literature surveyed on conjugated polymers. Strong reasons 
underlying in this selection include the ease of preparation, fairly good environmental 
as well as thermal stability and sufficiently high electrical conductivity. 
Consequently, an additional aim of this work is to investigate the electrical 
conducting behavior of these 'organic-inorganic' composite ion-exchange materials, 
since the raw materials are cheap, preparation is simple, yield is good, environmental 
stability is high and electrical conductivity can be achieved easily. 
Ion-selective membrane electrodes and biosensors have found applications in 
individual processes; like fermentation control, pharmaceutical analysis, environmental 
monitoring, sewage treatment, food industries etc., since the use of ion-selective 
electrodes offer several advantages over other analytical techniques, such as the cost of 
initial set up to make analysis is relatively low. Hence, the development of ion-
exchange membrane electrodes has also been carried out in the present studies by 
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employing the composite ion-exchanger materials as electro-active phases. Despite the 
number of ion-exchange membrane electrodes are reported, comparatively few types 
are available commercially and even fewer are at all widely used. So, the efforts have 
been made to develop the ion-exchange membrane electrodes having enough lifetimes 
and fast response times in the determination of various miCtal ions in synthetic samples 
as well as real samples like alloys, waste effluents etc. 
In view of the above-mentioned facts and after careful scrutiny of literature, we 
have chosen the problem entitled: ''Preparation, Ion-exchange and Electrical Behavior 
of Some Organic-Inorganic Composite Materials'". The principal elements of this 
research work are: 
> the laboratory preparation of organic conducting polymers {i.e. 
polyaniline, polypyrrole); 
> the preparation of inorganic precipitates of polyvalent metal acid salts 
{i.e. Sn(IV) tungstoarsenate, polyantimonic acid); 
> the development and characterization (using instrumental analyses, e.g. 
FT-IR, X-ray, ESR, SEM, TGA-DTA, AAS, elemental analysis, etc.) of 
chemically, mechanically and thermally stable 'organic-inorganic' novel 
composite materials via the incorporation of PAni and PPy in inorganic 
matrices; 
> studies on ion-exchange properties of these composite materials; 
> investigating DC electrical conductivity behavior of these composites; 
> the fabrication and characterization of ion-exchange membranes and ion-
selective electrodes using these composite ion-exchangers; 
> studies on various analytical and enviromnental applications of these 
materials used as cation-exchangers, adsorbents of pesticides and 
sensors. 
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Chapter 2 
P R E P A R A T I O N A N D CHARACTERIZATION 
OF N E W A N D N O V E L 
'ORGANIC-INORGANIC' C O M P O S I T E 
CATION-EXCHANGE MATERIALS: 
POLYANILINE TIN(IV) T U N G S T O A R S E N A T E 
AND 
POLYPYRROLE POLYANTIMONIC ACID 
Chapter 2 
2.1. INTRODUCTION 
Currently, there is high interest in engineering mixed materials (organic-
inorganic) where features of the organic and inorganic components complement each 
other leading to the formation of new solid-state structures and materials with new 
composite properties. Some examples of recent interest are inorganic solids with 
organic intercalates [1], zeolites and open framework host materials with organic guests 
[2], and thin film heterostructures built up from alternating layers of organic 
polyelectrolytes and colloidal inorganic polyions [3,4]. New inorganic lattice structures 
are fonned, resulting from cooperative interactions between the organic and inorganic 
components. In all cases, there is promise of developing new materials with properties 
not seen in purely organic or purely inorganic solids. 
Organic polymers as ion-exchangers are well known for their uniformity, 
chemical stability and control of their ion-exchange properties through synthetic 
methods. The inorganic ion-exchange materials based on polyvalent metals have been 
established now an excellent recognition in various disciplines, i.e. metal ion 
separation, preconcentration, catalysis, environmental studies, medical science {kidney 
dialysis), ion-selective electrodes preparation, heterogeneous solid state membranes 
formation and in ion-exchange fibers preparation, etc. Besides other advantages, these 
materials are important in being more stable to high temperature and radiation field 
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than the organic ones [5,6]. In order to obtain a combination of these advantages 
associated with polymeric and inorganic materials as ion-exchangers, attempts have 
been made to develop a new class of composite ion-exchangers by incorporation of 
electrically conducting organic polymers (polyaniline, polypyirole, pol^thiophene etc.) 
into the matrices of inorganic precipitates of multivalent metal acid salts. These 
composite materials are attractive for the purpose of creating high perforaiance or high 
functional polymeric materials that are expected to provide many possibilities, termed 
as 'organic-inorganic' hybrid materials [7-11]. Hence, there is promise of developing 
new materials with properties not seen in purely organic or purely inorganic solids. 
Many organic-inorganic composite ion-exchangers have been developed earlier by 
incorporation of organic monomers in the inorganic matrix, by way of pillaring or non-
pillaring methods [12-21]. 
Efforts have been made to improve the chemical, thennal and mechanical 
stability of ion- exchangers and to make them highly selective for certain heavy metal 
ions. An inorganic precipitate ion-exchanger based on organic polymeric matrix must 
be an interesting material, as it should possess the mechanical stability due to the 
presence of organic polymeric species and the basic characteristics of an inorganic ion-
exchanger regarding its some selectivity for some particular metal ions [22-27]. It was 
therefore considered to synthesize such hybrid ion-exchangers with a good ion-
exchange capacity, high stabilit}', reproducibility and selectivity for heavy metal ions, 
indicating its useful enviromnental applications. In this regard, a number of 'organic-
inorganic' composite cation-exchanger samples of polyaniline Sn(IV) tungstoarsenate 
and polypyrrole polyantimonic acid were prepared by mixing polyaniline and 
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polypyrrole into inorganic precipitate gels under varying conditions. In order to 
determine the composition, size, structural and theraial properties of these materials 
several physicochemical investigations were carried out by elemental analyses, atomic 
absorption spectrophotometry (AAS), scanning electron microscopy (SEM), spectral 
analyses (FT-IR), thermal analyses (simultaneous TGA-DTA), X-Ray analyses and 
ESR studies. Their thermal stabilities were studied in various temperatures and 
chemical stabilities were assessed in various acidic, alkaline and organic media. This 
chapter presents the preparative conditions and physicochemical properties of these 
composite materials. 
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2.2. EXPERIMENTAL 
2.2.1. Chemicals and Reagents 
The main reagents used for the synthesis were: 
• Stannic (IV) chloride, SnCU. 5H2O (97.5%) 
• Sodium arsenate,Na2HAs04.7H20 (98.5%) 
• Sodium tungstate, Na2W04.2H20 (98%) 
• Aniline, CgHsNHj (99%) 
• Potassium persulphate, K2S2O8 (98%) 
• Potassium pyroantimonate, KSb(0H)6 (98.5%) 
• PyiToie, C4H4NH (98%) 
• Carbon tetra chloride, CCI4 (99%) 
• Ferric chloride, FeCl3 (96%) 
• Hydrochloric acid, HCl (35%) 
CDH (India) 
Loba Chemie (India) 
E- Merck (India) 
QuaUgens (India) 
CDH (India) 
Loba Chemie (India) 
E-Merck (India) 
CDH (India) 
CDH (India) 
E-Merck (India) 
All other reagents and chemicals were of analytical reagent grade. 
2.2.2. Instrumentation 
The following instruments were used for various studies made for chemical 
analysis and characterization of the composite materials: 
o A digital pH meter — Elico (India), model LI-10; was used for measuring pH. 
o UVA^IS spectrophotometer — Elico (India), model EI 30IE; was used for 
quantitative analysis. 
o A scanning electron microscope — LEO 435 VP (Australia) with attached 
imaging device; was used to examine the difference in surface morphology 
between the parent materials and their composites. 
o FT-IR spectrometer — Nicolet (U.S.A.), model 400D and Perkin Elmer 
174 
(U.S.A.), model Spectrum BX; were used for recording FT-IR spectra. 
o Elemental analyzer — Elementra Vario EL III, Carlo-Erba, model 1108; was 
used for C, H and N analyses. 
o Double Beam Atomic Absorption spectrophotometer (AAS) — GBC 902 
(Australia) with air-acet}4ene flame; was used for the quantitative determination 
of Pb^^ Cd^^ Cu^^ Cr^^ n i \ N i ^ Mn^^ Zn^\ 
o A digital flame photometer — Elico (India), model CL 22D; was used for the 
quantitative determination of Na*, K*, Ca^ .^ 
o A thermal analyzer — V2.2A DuPont 9900; was used for simuhaneous TGA 
(thermogravimetric analysis) and DTA (differential thermal analysis) studies. 
o An X-ray diffractometer — Phillips (Holland), model PW 1710 with Cu Ka 
radiations; was used for recording powder X-ray diffraction pattern. 
o An ESR spectrometer — Jeol Ltd. (Japan), model JES RE2X; was used for 
recording ESR spectra. 
o A digital muffle furnace — was used to heat the material at different 
temperatures. 
o An automatic temperature controlled water bath incubator shaker — Eicon 
(India). 
o An air oven — Labquip (India). 
o An electronic balance (digital) — Sartorius (Japan), model 21 OS; was used for 
weighing purpose. 
o A magnetic stirrer. 
o A mortar pastel. 
2.2.3. Preparation of Organic-Inorganic Composite Cation-Exchange 
Materials 
2.2.3. L Preparation of Reagent Solutions 
0.1 M sodium arsenate (Na2HAs04.7H20) and sodium tungstate 
(Na2W04.2H20) were prepared in demineralized water (DMW) while 0.1 M stannic 
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chloride (SnCl4. SHjO) was prepared in 4 M HCl. Solutions of 10% (v/v) doubly 
distilled aniline (C6H5NH2) and 0.1 M potassium persulphate (K2S2O8) were prepared 
in 1 M HCl. 33.33% pyrrole solution was prepared in CCI4 and 0.1 M FeCls solution 
was prepared in DMW. 
2.2.3.2. Synthesis of Polymers 
2.2.3.2.1. Synthesis ofPolyaniline 
The acidic solutions of 10% aniline (C6H5NH2) and 0.1 M potassium 
persulphate (K2S2O8) were mixed in different volume ratios with continuous stirring by 
a magnetic stirrer below 10 ''C for an hour. Green colored polyaniline gels were 
obtained. 
2.2.3.2.2. Synt/tesis of Polypyrrole 
Polypyrrole samples were prepared when approximately 33.33%) solutions of 
pyrrole (in CCI4) were added drop wise to the 0.1 M FeCls solutions (prepared in 
DMW) in different volume ratios at room temperature with continuous stirring by a 
magnetic stirrer. Black colored flakes of polypyn'ole samples were obtained. 
2.2.3.3. Synthesis of Inorganic Precipitates 
2.2.3.3.L Synthesis ofSn(IV) tungstoarsenate 
Inorganic precipitate ion-exchanger gels of Sn(IV) tungstoarsenate were 
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prepared at room temperature (25 ± 2 °C) by adding the solution of 0.1 M stannic 
chloride to an aqueous mixture of 0.1 M sodium arsenate and 0.1 M sodium tungstate 
in different volume ratios and at different pH values. The white precipitates were 
obtained when the pH of the mixture was adjusted by adding ammonia water with 
constant stirring. 
2.2.3.3.2. Synthesis of Polyantimonic Acid 
An important inorganic precipitate gel of polyantimonic acid may be prepared 
by several procedures: 
> The products of polyantimonic acid were obtained by dissolving 0.05 mole to 
0.2 mole of potassium pyroantimonate in 5.8 M HCl. The solutions were kept 
overnight at room temperature (25 ± 2 °C) and some solutions were refluxed for 
16 hrs and thereafter neutralized with cone. NH4OH until a residual acidity of 
0.75 M HCl was obtained. A white gel was obtained in each case. 
> The same product of polyantimonic acid may be obtained by dissolving 0.2 M 
potassium pyroantimonate in boiling water, a clear solution is obtained; this is 
left for 24 hrs and then mixed with the same volume of 1.5 M HCl solution 
containing 8.5 M NH4CI. Mixing under continuous stirring causes formation of 
a white gel. 
> In the third method, 0.1 M potassium pyroantimonate was dissolved in DMW 
and passed through a cation exchanger (Dowex 50 W-X-2) in the hydrogen 
forni; the acidic solution thus obtained was left to stand at 70-90 ''C for at least 
24 hrs; the white gel was formed by evaporation. 
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2.2.3.4. Preparation of Organic-Inorganic Composites 
2.2.3.4.1. Preparation of Polyaniline Sn(IV) tungstoarsenate Composites 
The synthesized gel of polyanihne was added to the inorganic precipitate of 
Sn(IV) tungstoarsenate and mixed thoroughly with constant stirring. The resultant 
green colored gel was allowed to settle overnight at room temperature (25 ± 2 °C). The 
supernatant liquid was decanted and the gel was filtered under suction and washed with 
1 M HNO3 to remove excess reagent. The excess acid was removed by washing with 
DMW and again washed with acetone by soxhlation. The materials were dried in an air 
oven at 50 °C for 48 hours. The dry products were crushed into small granules of 
uniform size suitable for column separations when immersed in DMW. They were then 
treated with large excess of 1 M HNO3 for 24hr at room temperature with occasional 
shaking, intermittently replacing the supernatant liquid with a fresh acid to ensure the 
complete conversion to H"^ -form. The excess acid was removed after several washing 
with DMW. The materials were finally dried at 50 °C in the oven, sieving to obtain 
particles of a particular size range (-125 fj.m) and kept in a desiccator. Hence, a number 
of samples of polyaniline Sn(IV) tungstoarsenate were prepared (Table 2.1) by 
changing the mixing volume ratios of the reagents. On the basis of appearance, 
percentage of yield, Na^ ion-exchange capacity (1.67 meq g"^ ) and reproducibility, 
sample S-1 was chosen for ftirther studies. 
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2.2.3.4.2. Preparation of Polypyrrole Polyantimonic Acid Composites 
Polypyrrole polyantimonic acid composites were prepared by polymerizing 
pyrrole within the inorganic precipitates of polyantimonic acid. Firstly, 0.1 M FeCls 
solutions were added with polyantimonic acid precipitates and after then, 
approximately 33.33% solutions of pyrrole (in CCI4) in different ratios were mixed 
thoroughly with polyantimonic acid gels. Continuous stirring was done during the 
addition of ferric chloride solutions, slowly the white inorganic precipitate gels turned 
first to green and then to black. The reaction mixtures were then kept for 24 hours 
under ambient conditions (25 ± 2 °C). Now these polypyrrole based composite gels 
were filtered off; washed with 0.75 M HCl and then washed thoroughly with DMW to 
remove excess acids and any adhering traces of ferric chloride. After filtration the gels 
were dried at 50 °C in an air oven for 48 hours. The products were again washed with 
acetone by soxhlation and finally dried at 50 °C. The dried products were immersed in 
DMW to obtain small granules. These were converted to the H^ form by placing it in 
0.5 M HNO3 solution for 24hr with occasional shaking intermittently replacing the 
supernatant liquid with a fresh acid. The excess acid was removed after several 
washings with DMW and again the materials were dried at 50 °C and sieving to obtain 
particles of particular size range (-125 (im) and kept in a desiccator. Hence, a number 
of composite cation-exchanger samples of polypyrrole polyantimonic acid were 
prepared (Table 2.2) by changing the mixing volume ratios of the reagents. On the 
basis of Na"^  ion-exchange capacity (3.19 meq g''), physical appearance of beads and 
reproducibility, the sample A-2 was chosen for further studies. 
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2.2.4. Physicochemical Properties of Polyaniline Sn(IV) tungstoarsenate and 
Polypyrrole Polyantimonic Acid Composite Cation-Exchange 
Materials 
2.2.4A, Chemical Dissolution 
Two hundred and fifty milligrams (250 mg) portions of the original (as 
prepared) form of both composite cation-exchangers (polyaniline Sn(IV) 
tungstoarsenate, S-1 and polypyrrole polyantimonic acid, A-2) in H'^ -fomi were 
equilibrated with 25 ml each of different acids (such as HCl, HNO3, H2SO4, HCIO4, 
acetic acid, fonnic acid, oxalic acid and citric acid); bases (such as NaOH, KOH); 
organic solvents (such as n-butyl alcohol, acetone, dimethyl sulphide, dimethyl 
sulphoxide) and also with NH3 and DMW for 24 hours with occasional shaking. The 
supernatant liquids were analyzed for 'tin' and 'arsenic' by atomic absorption 
spectrophotometry (AAS), while 'tungsten' [28] and 'antimony' [29] were analyzed by 
VIS spectrophotometric method. The results are summarized in Table 2.3 and Table 
2.4. 
Determination of 'Tungsten': 2 ml of supernatant liquid was evaporated to 
dryness and residue was taken with 2 ml DMW in 25 ml standard volumetric flasks, 
followed by 1 ml concentrated H2SO4 and 2 ml concentrated HCl. One ml of 2M SnCl2 
solution was mixed and digest on steam bath for five minutes. The mixture is kept at 
10°C, and then added 1 ml of 2 M KCN solution. The color so developed was measured 
after keeping it on ice bath for 2 or 3 minutes at 400 nm against a reagent blank [28]. 
The amount of 'tungsten' was determined on the basis of calibration curve drawn using 
the same procedure. 
182 
Table 2.3 
The solubility of polyaniline Sn(IV) tungstoarsenate in various solvent 
systems 
Solvent 
(20 ml) 
4 M HNO3 
4MHC1 
4 M H2SO4 
O.lMNaOH 
O.IMKOH 
IMNH3 
1 M NH4NO3 
1 M CH3COOH 
1 M CH3C00Na 
1 M Citirc Acid 
1 M Oxalic Acid 
1 M Formic Acid 
Dimethyl Sulphide (DMS) 
n- Butanol 
Acetone 
DMW 
Sn 
(mg/20 ml) 
2.13 
5.99 
2.03 
16.31 
24.59 
13.84 
0.13 
0.69 
0.51 
7.02 
13.96 
0.21 
0.23 
0.48 
0.07 
0.05 
W 
(mg/20 ml) 
0.25 
1.03 
0.65 
13.30 
35.86 
1.15 
0.53 
1.28 
1.13 
1.10 
4.40 
0.86 
0.08 
0.19 
0.63 
0.15 
As 
(mg/20 ml) 
1.27 
3.52 
1.31 
22.07 
36.41 
6.87 
1.80 
1.21 
2.20 
0.94 
8.31 
3.64 
1.48 
2.17 
0.51 
0.45 
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Table 2.4 
The solubility of polypyrrole polyantimonic acid composite in various 
solvent systems 
Solvent 
(25 ml) 
2MHNO3 
4MHNO3 
2MHC1 
4MHC1 
2 M H2SO4 
4 M H2SO4 
2 M HCIO4 
4 M HCIO4 
O.lMNaOH 
O.IMKOH 
Sb 
(mg/25 ml) 
6.32 
36.1 
6.74 
34.7 
4.38 
24.0 
4.13 
22.6 
28.3 
45.0 
Solvent 
(25 ml) 
IMNH3 
1 M NaNOs 
1 M CH3COOH 
1 M Citirc Acid 
1 M Oxalic Acid 
1 M Formic Acid 
Dimethyl Sulphoxide (DMSO) 
n- Butanol 
Acetone 
DMW 
Sb 
(mg/25 ml) 
25.5 
1.31 
2.40 
17.3 
15.2 
n.d. 
8.64 
14.0 
n.d. 
1.35 
n.d.= not dissolved 
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Determination of 'Antimony': The supernatant liquid (2 ml) was mixed with 1 
ml of 9 M H2SO4 and 5 ml of KI reagent (11.2 g of KI + 2 g of ascorbic acid in 100 ml 
of DMW). The yellow color so developed was diluted to 10 ml with DMW in a 
standard volumetric flask and the absorbance was measured after 2-3 minutes at 425 
nm against a reagent blank [29]. The amount of 'antimony was determined on the 
basis of calibration curve drawn using the same procedure. 
2.2.4.2. Heat Treatment 
To study the effect of drying temperature, 1 g samples of the composite cation-
exchange materials (S-1 and A-2) were heated at various temperatures in a muffle 
furnace for 1 hour each; and physical appearances and the percentage of weight losses 
were determined after cooling them at room temperature as shown in Table 2.5. 
2.2.4.3. Chemical Composition 
The chemical composition also plays an important role in the elucidation of 
molecular structure of the ion-exchangers. The composition of the material can be 
determined either by gravimetrically or spectrophotometrically. With the help of these 
methods, we can detemiine the percentage of metals or groups present in the ion-
exchangers. 
After dissolving polyaniline Sn(IV) tungstoarsenate (sample S-1, original fonn) 
in hot concentrated hydrochloric acid and polypyrrole polyantimonic acid {sample A-2, 
original form) in concentrated hydrochloric acid, the samples were analyzed for 'tin'' 
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and 'arsenic' by AAS; and 'tungsten' and 'antimony' by standard (VIS) 
spectrophotometric method as described above. Carbon, hydrogen and nitrogen 
contents of the composite materials were determined by elemental analyses. The weight 
percent compositions of the both composite materials are presented in Table 2.6. 
2.2.4.4. SEM (Scanning Electron Microscopy) Studies 
Microphotographs of the original form of polyaniline, polypyrrole, inorganic 
precipitates (Sn(IV) tungstoarsenate and polyantimonic acid) and organic-inorganic 
composite materials (polyaniline Sn(IV) tungstoarsenate, S-1 and polypyrrole 
polyantimonic acid, A-2) were obtained by the scanning electron microscope at various 
magnifications. 
2.2.4.5. X- ray Analysis 
Powder X-ray diffraction (XRD) patterns were obtained in an aluminium sample 
holder for the samples S-1 (polyaniline Sn(IV) tungstoarsenate) and A-2 (polypyrrole 
polyantimonic acid) in the original form using a PW 1710 based diffractometer. The 
diffraction data were recorded for °26 scan (continuous type), in the range of scattering 
angles 2 6* between 5° and 100° at current of 20 mA with chart speed 1 cm per min. Cu 
Ka radiation was monochromatised by a Ni-filter pulse height analyzer and registered 
with a scintillation counter at voltage of 35 KV with G. M. speed 1° per min. 
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Table 2.5 
Thermal stability of polyaniline Sn(IV) tungstoarsenate (S-1) and polypyrrole 
polyantimonic acid (A-2) after heating to various temperatures for 1 h 
Drying 
temperature 
rc) 
50 
100 
200 
300 
400 
500 
600 
700 
800 
Sample S-1 
Change in color 
Dark green 
Dark green 
Green 
Green 
Light green 
Dark gray 
Silver gray 
Light brown 
Blackish brown 
Weight loss (%) 
0.00 
3.33 
6.49 
7.80 
10.15 
19.31 
25.72 
27.47 
28.46 
Sample A-2 
Change in color 
Black 
Black 
Black 
Light black 
Light black 
Pale yellow 
Pale yellow 
Yellowish white 
Yellowish white 
Weight loss (%) 
0.00 
1.24 
5.82 
9.98 
16.77 
22.55 
23.66 
24.03 
24.81 
Table 2.6 
Percent composition of polyaniline Sn(IV) tungstoarsenate (S-1) and polypyrrole 
polyantimonic acid (A-2) composite cation exchanger 
Element Composition (% 
Polyaniline Sn(IV) tungstoarsenate Polypyrrole polyantimonic acid 
(Sample S-1) (Sample A-2) 
Sn 
W 
As 
Sb 
C 
H 
N 
0 
7.60 
11.85 
37.14 
— 
9.00 
1.79 
1.41 
31.21 
54.46 
10.29 
2.58 
2.92 
29.75 
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2.2.4.6. ESR (Electron Spin Resonance) Studies 
The ESR spectra of the composite materials (S-1 and A-2) in the original form 
were recorded by an ESR spectrometer, at room temperature as a function of air 
exposure. Experimental conditions such as operating frequency, modulation amplitude, 
speed, field, amplifier gain, scan range, microwave power, recorder time constant and 
scan time were set according to requirements. 
2.2.4.7. FT-IR (Fourier Transform Infra Red) Studies 
The FT-IR spectra of polyaniline, Sn(IV) tungstoarsenate, polyaniline Sn(IV) 
tungstoarsenate (sample S-1); and polypyrrole, polyantimonic acid and polypyrrole 
polyantimonic acid (sample A-2) in the original form dried at 50 °C were performed 
using KBr disc method at room temperature. 
2.2.4.8. Thermal (TGA andDTA) Studies 
Simultaneous TGA and DTA studies of the composite cation-exchange 
materials (polyaniline Sn(IV) tungstoarsenate, S-1 and polypyrrole polyantimonic acid, 
A-2) in original form were carried out by an automatic thermobalance on heating the 
material from 25 °C to 800 °C at a constant rate (15 °C per minute) in the air 
atmosphere (air flow rate of 200 ml min'). 
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2.3. RESULTS AND DISCUSSIONS 
2.3.1. Preparation of Polyaniline Sn(IV) tungstoarsenate and Polypyrrole 
Polyantimonic Acid Composites 
Composite materials foraied by the combination of inorganic precipitate ion-
exchangers of multivalent metal acid salts and organic conducting polymers, providing 
a new class of 'organic-inorganic' hybrid ion-exchangers with better mechanical and 
granulometric properties, good ion-exchange capacity, higher stability, reproducibility 
and selectivity for certain heavy metals. In this chapter, various samples of new and 
novel 'organic-inorganic' composite cation-exchange materials were developed by 
incorporating polyaniline and polypyrrole into inorganic matrices of Sn(IV) 
tungstoarsenate and polyantimonic acid, respectively; by changing the mixing volume 
ratios of the reagents. Among the samples of both the composites, sample S-1 (Table 
2.1) and sample A-2 (Table 2.2) possessed good yield, better ion-exchange capacity, 
reproducible behavior and chemical and thermal stability. 
Polyaniline gel was prepared by oxidative coupling of aniline using K2S2O8 in 
acidic aqueous medium as given in the following chemical reaction [30]: 
Q V ^ " 3 ^ + 5 S 2 0 8 2 - _ ^ 2 - [ — / Q V 12H"'+ 10 SO/-
The effect of temperature on the reaction seems to be very pronounced. Aniline under 
went oxidative coupling only at below 10 ''C very efficiently, leading to a good 
quantity of polyaniline with fairly good yield. Potassium persulphate was also observed 
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to be very effective oxidant for polyaniline preparation. The formation of inorganic 
precipitate Sn(IV) tungstoarsenate was significantly affected by the pH of the mixture, 
and the most favorable pH of the mixture was -1.0. The preparation of the inorganic 
precipitate at pH lower or higher than 1.0 lead to decrease in yield and ion-exchange 
capacity (i.e.c.) of the material. The mixing volume ratio of the mixture is also critical. 
The binding of polyaniline into the matrix of Sn(IV) tungstoarsenate can be shown as: 
X- +[—(OV-NH 
<i==^ 
-NH—j""—^D 
-NH -NH—] X" 
Sn(IV)WAs 
matrix 
polyaniline polyaniline Sn(IV) tungstoarsenate 
The polymerization reaction for the synthesis of polypyrrole is very complicated 
one. The initial oxidation step, in which a radical cation is formed, is followed by a 
coupling reaction, deprotonation, and one-electron oxidation in order to regenerate the 
aromatic system [31], using FeCls in aqueous medium at room temperature (25 ± 2 °C) 
as given in the following reactions: 
H 
Fe 3+ c 
H 
+ 
+ Fe 2+ 
+ 
N 
H 
+ 2H' 
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+ 
Fe 3+ 
+ 2H''+ Fe^^ 
x + 1 
The formation of inorganic precipitate polyantimonic acid was carried out by 
adjusting the pH of the highly acidic potassium pyroantimonate solution, and at pH 
-0.125 the precipitate material showed good percentage of yield and high i.e.c. Since it 
was known that in slightly acidic solution antimony salts are polymerized, the 
inorganic precipitate has been termed as polyantimonic acid. When aqueous solution of 
FeCls was added with the inorganic precipitate, Fe'^ ^ may convert antimonic acid into a 
radical that can be shown as: 
S b - OH + Fe^ ^ ^ Sb - 0* + H^ + Fe^ ^ 
Hence, the binding of polypyrrole into the matrix of polyantimonic acid can be shown 
as: 
+ x 
polypyrrole polyantimonic acid 
matrix 
polypyrrole polyantimonic acid 
However, sample S-1 of polyaniline Sn(IV) tungstoarsenate and sample A-2 of 
polypyrrole polyantimonic acid exhibited high granulometric and mechanical 
properties, showing a good reproducible behavior as is evident from the fact that these 
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materials obtained from various batches did not show any appreciable deviation in their 
ion-exchange capacities. 
2.3.2. Chemical Stability 
The most frequent causes for ion-exchanger deterioration are chemical and 
thermal degradation of the matrix. The chemical stability of the ion-exchangers 
depends chiefly on the structure, the degree of cross-linking of the matrix, and on the 
nature and number of the fixed ionic groups. Most of the resins present are stable in 
common solvents, except in the presence of strong oxidizing or reducing agents. The 
solubility experiments showed that both the materials have reasonably good chemical 
stability. As the results indicated in Table 2.3 that the sample S-1 (polyaniline Sn(IV) 
tungstoarsenate) was resistant to 4 M HNO3 and 4 M H2SO4 with higher solubility in 
NH3 and in alkaline media and slightly higher solubility in HCl, citric acid and oxalic 
acid. The chemical dissolution in DMW, acetone, DMS, n-butanol, formic acid, 
CH3COOH, CHsCOONa, NH4NO3 was almost negligible. Also the results showed in 
Table 2.4 that the sample A-2 (polypyrrole polyantimonic acid) was resistant to 2 M 
HCIO4 and 2 M H2SO4 with higher solubility in NH3 and in alkaline media and slightly 
higher solubility in 2 M HNO3, 2 M HCl, citric acid, oxalic acid, n-butanol and DMSO. 
The chemical dissolution in DMW, DMS, acetone, forniic acid, CH3COOH and NaNOs 
was almost negligible. This chemical stability may be due to the presence of binding 
polymer, which can prevent the dissolution of heteropolyacid salt or leaching of any 
constituent elements into the solution. 
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2.3.3. Thermal Stability 
On heating at different temperatures for one hour, the mass and physical 
appearances of the dried sample materials (S-1 and A-2) were changed as the 
temperature increased as shown in Table 2.5. However, both the materials were found 
to possess higher thermal stability as the sample S-1 (polyaniline Sn(IV) 
tungstoarsenate) maintained about 72% of the initial mass by heating up to 400 °C and 
the sample A-2 (polypyrrole polyantimonic acid) maintained about 75% of the initial 
mass by heating up to 600 °C. 
2.3.4. SEM Studies 
Scanning electron microscopy (SEM) studies were performed to examine the 
difference in surface morpholog}' between the parent materials and their composites. 
SEM photographs of polyaniline, Sn(IV) tungstoarsenate and polyaniline Sn(IV) 
tungstoarsenate (S-1); and polypyrrole, polyantimonic acid and polypyrrole 
polyantimonic acid (A-2) obtained at different magnifications (Fig. 2.1 and Fig. 2.2), 
indicating the binding of inorganic ion-exchange material by organic polymer, i.e. 
polyaniline and plypyrrole, respectively. It has been revealed that inorganic precipitates 
Sn(IV) tungstoarsenate (Fig. 2.1b) and polyantimonic acid (Fig. 2.2b) showed a plate 
like morphology. After the binding of polyaniline and polypyrrole with Sn(IV) 
tungstoarsenate and polyantimonic acid, respectively; the morphologies have been 
changed. The detail analysis of these SEM photographs informs that its particle size 
may be about 3.0 |im for sample S-1 and about 2.8 |im for sample A-2. 
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2.3.5. X- ray Studies 
The X-ray diffraction (XRD) technique is a very powerful tool for complete 
structure determination if single cr}'stals are available. However, in case of 
semicrystalline materials, X-ray diffraction spectra are recorded on powdered samples 
and only limited information could be obtained from the data. It is evident from the 
XRD data given in tables (Table 2.7 and Table 2.8) as well as diffractograms recorded 
on powdered samples that the composite cation-exchangers so prepared clearly 
exhibited the presence of two sharp peaks for polyaniline Sn(IV) tungstoarsenate (S-1) 
(Fig. 2.3) and fourteen peaks for polypyrrole polyantimonic acid (A-2) (Fig. 2.4), that 
suggesting the semicrystalline nature of the materials, respectively. 
2.3.6. ESR Studies 
The ESR data and of the organic-inorganic composites based on polyaniline and 
polypyrrole are given in Table 2.9. The ESR spectra of these composite materials, 
recorded at room temperature as a function of air exposure are also shown in Fig. 2.5 
and Fig. 2.6, respectively. The area of ESR signal may be directly related to the number 
of spins present in the sample. The width of the ESR signal may be related to the extent 
of delocalization of electrons. The position of the ESR signal may be related to the 
neighboring environment of the electronic spin, i.e. g-factor. The g-factor for a free 
electron spin is 2.0013. It is found from the ESR spectra that g = 2.001, signal width = 
6.5 G for polyaniline Sn(IV) tungstoarsenate (S-1) composite (Fig. 2.5) and g = 1.990, 
signal width = 8.0 G for polypyrrole polyantimonic acid (A-2) composite (Fig. 2.6). 
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Table 2.7 
X-ray diffraction data of polyaniline Sn(IV) tungstoarsenate composite material 
Peak 
No. 
1. 
2. 
Angle 
(°2e) 
26.915 
55.210 
d - values 
a l a2 
(A) (A) 
3.3098 3.3181 
1.6623 1.6665 
Peak 
width 
(°2G) 
0.100 
0.240 
Intensity 
Peak 
int. 
(counts) 
180 
8 
Back 
int. 
(counts) 
59 
31 
Rel. 
int. 
(%) 
100 
4.7 
Significance 
3.09 
0.81 
Wave length a l [A]: 1.54056, Wave length al [A]: 1.54439, Intensity ratio (al/a2): 0.500 
Table 2.8 
X-ray diffraction data of polypyrrole polyantimonic acid composite material 
Peak 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Angle 
(20°) 
14.760 
28.360 
29.735 
34.490 
37.925 
45.475 
49.805 
52.260 
59.100 
61.940 
66.535 
69.920 
72.845 
83.610 
d - values 
al 
(A) 
5.9968 
3.1444 
3.0021 
2.5983 
2.3705 
1.9929 
1.8293 
1.7490 
1.5619 
1.4969 
1.4042 
1.3443 
1.2973 
1.555 
al 
(A) 
6.0117 
3.1522 
3.0095 
2.6047 
1.3764 
1.9979 
1.8339 
1.7534 
1.5657 
1.5006 
1.4077 
1.3476 
1.3006 
1.1584 
Peak 
width 
(20") 
0.640 
0.400 
0.640 
0.400 
0.960 
0.480 
0.640 
0.480 
0.560 
0.800 
0.160 
0.960 
0.960 
0.480 
Intensity 
Peak 
Int. 
(counts) 
121 
108 
117 
18 
12 
24 
40 
26 
34 
5 
3 
11 
2 
5 
Back 
Int. 
(counts) 
29 
32 
31 
15 
12 
12 
17 
17 
16 
14 
8 
10 
7 
11 
Rel. 
Int. 
(%) 
100.0 
89.4 
96.4 
15.3 
9.6 
19.8 
32.8 
21.5 
27.8 
4.0 
2.7 
9.0 
1.6 
4.4 
Significance 
7.61 
2.72 
7.71 
1.13 
3.35 
2.14 
4.20 
2.08 
2.23 
0.99 
0.83 
3.02 
0.89 
0.93 
Wave length a l [A]: 1.54056, Wave length a2 [A]: 1.54439, Intensity ratio (al/a2): 0.500 
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Table 2.9 
ESR data of polyaniline Sn(IV) tungstoarsenate (S-1) and'polypyrrole 
polyantimonic acid (A-2) composite cation-exchange materials at 
room temperature 
Sample I.D. Signal g - value Signal Experimental conditions 
width position applied 
(G) (G) 
S-1 6.51 2.001 
A-2 8.02 1.990 
3252.00 Scan range: 4000 G, 
Modulation amplitude: 0.5 
G, Microwave power: 2 
mW, Frequency: 9.1 GHz, 
Receiver gain: 1.25 x 10^  
3254.04 Scan range: 4000 G, 
Modulation amplitude: 2 
G, Microwave power: 5 
mW, Frequency: 3.2 GHz, 
Receiver gain: 2.0 x 10"* 
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1200 1800 2400 3000 3600 4200 4800 
Field (Gauss) 
Fig. 2.5. ESR spectra of polyaniline Sn(IV) tungstoarsenate (as prepared). 
2600 3000 3400 
Field (Gauss) 
Vic 1 f. FSR snfictra of nolvDvrrole Dolvantimonic acid (as prepared). 
3800 
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2.3.7. FT-IR Studies 
The FT-IR spectra of polyaniline, Sn(IV) tungstoarsenate and polyaniline 
Sn(IV) tungstoarsenate are shown in Fig. 2.7 and the spectral peak positions are 
presented as tabulated form in Table 2.10. The FT-IR spectrum of the composite 
cation-exchanger (polyaniline Sn(IV) tungstoarsenate, S-1) became different from its 
parent compounds and indicated the presence of external water molecules in addition to 
the - OH groups and metal oxides present internally in the material (2.7c). In the 
spectrum two weak broad bands around 3500 cm"' are found, which can be attributed to 
0-H stretching frequency. A medium band around 1600 cm"' can be attributed to H-0-
H bending band, being also representative of the strongly bonded -OH groups in the 
matrix [32]. The 0-H stretching bands merge together and are shifted to lower 
frequency in the spectrum of the exchanger. This is due to the possibility of H -
bonding. The various sharp and medium peaks around 1300-602 cm"' may represent 
the metal-oxygen vibrations [vi(Sn-0, W-0 and As-0)] in the spectrum [33]. The 
additional band at about 1400 cm"' can be ascribed to stretching vibration of C-N [34]. 
This indicates that the material contains a considerable amount of aniline. It was also 
observed from the FT-IR peak positions (Table 2.11) that there is negligible difference 
in the FT-IR spectra between H^-fonn, Na"^ -form and original form of the sample S-1 
dried at 50 °C. 
Fig. 2.8 shows the FT-IR spectra of polypyrrole, polyantimonic acid and 
polypyrrole polyantimonic acid and tabulated form of the spectral peak positions are 
presented in Table 2.12. The FT-IR spectrum of the polypjTrole polyantimonic acid 
composite cation-exchanger, A-2 became different from its parent materials and 
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4000 3500 3000 2500 2000 1500 
Wave numbers (cm"') 
1000 500 
Fig. 2.7. FT-IR spectra of polyaniline (a), Sn(IV) tungstoarsenate (b) and 
polyaniline Sn(TV) tungstoarsenate (c) (as prepared). 
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Table 2.10 
FT-IR peaks positions (cm'') of polyaiiiline, Sn(IV) tungstoarsenate and 
polyaniiine Sn(IV) tungstoarsenate (S-1) 
Peaks, no. 
1. 
J . 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Polyaniiine 
(as prepared, 
dried at 50 °C) 
505 
729 
824 
954 
1008 
1144 
1242 
1302 
1377 
1497 
1588 
2359 
2846 
3035 
3260 
Sn(IV) tungstoarsenate 
(as prepared. 
at 50 °C) 
507 
523 
594 
788 
860 
918 
965 
1262 
1400 
1457 
1624 
2363 
3490 
dried 
Polyaniiine 
Sn(IV) tungstoarsenate 
(as prepared, dried at 
50 T ) 
519 
602 
824 
959 
1150 
1248 
1300 
1388 
1491 
1579 
2345 
3450 
Table 2.11 
FT-IR peak positions (cm'') of different fonns of polyaniiine Sn(IV) tungstoarsenate 
(S-1) composite cation-exchanger 
Peaks 
no. 
1. 
2. 
J . 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13 
Polyaniiine 
Sn(IV) 
tungstoarsenate 
(original form, dried 
at 50 °C) 
519 
602 
824 
959 
1150 
1248 
1300 
1388 
1491 
1579 
2345 
3455 
Polyaniiine 
Sn(IV) tungstoarsenate 
(H - form, dried at 
50 °C) 
503 
597 
819 
974 
1155 
1310 
1393 
1502 
1600 
2366 
3450 
Polyaniiine 
Sn(IV) tungstoarsenate 
(Na"^ - form, dried at 50 
"C) 
509 
612 
824 
964 
1160 
1253 
1305 
1409 
1497 
1579 
1595 
2355 
3444 
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4000 3200 2400 1800 1400 
Wave numbers (cm' ) 
1000 
Fig. 2.8. FT-IR spectra of polypyiTole (a), polyantimonic acid (b) and 
polypyrrole polyantimonic acid (c) (as prepared). 
500 
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Table 2.12 
FT-IR peak positions (cm'') of polypyn-oie, polyantimonic acid and polypyrrole 
polyantimonic acid (A-2) 
Peaks Polypyrrole Polyantimonic acid Polypyrrole polyantimonic 
no. acid 
(as prepared, (as prepared, dried at 50°C) (as prepared, dried at 50°C) 
dried at 50°C) 
618 
694 
8.37 
936 
962 
1051 
1097 
1204 
1382 
1636 
2345 
2458 
2876 
2987 
3078 
3278 
3396 
3854 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
667 
792 
932 
968 
1050 
1100 
1210 
1312 
1398 
1560 
2333 
2364 
2922 
3389 
3736 
3822 
602 
846 
948 
1167 
1274 
1420 
1506 
1636 
2360 
2458 
2966 
3601 
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indicated the presence of external water molecules in addition to the - OH groups and 
the metal oxides present internally in the material (Fig. 2.8c). Frequencies due to the 
Sb-0 stretching vibrations [35] have been obseived in the region 1100-900 cm"'. The 
peaks at 1640-1560 cm'' represent the free water molecules (water of cr}'stallization) 
and also being representative of the strongly bonded - OH groups in the matrix [32]. A 
sharp peak at around 1400 cm"' can be ascribed to stretching vibration of C-N [34]. 
This indicates that the material contains a considerable amount of pyrrole. The FT-IR 
spectra also confirm the polymerization of pyrrole. The peaks at about 800 cm"', 1097 
cm"' and 3396 cm"' indicating the presence of polypyrrole [36]. The absorption band 
around 1200 cm"' may be due to C-0 stretching [37] that corresponds the binding of Sb 
with pyrrole. 
2.3.8. TGA and DTA Studies 
Thermogravimetric analysis (TGA) curve (Fig. 2.9) of the material S-1 
(polyaniline Sn(IV) tungstoarsenate) showed a continuous weight loss of mass (about 
7.0%) up to 198 °C, which may be due to the removal of the external water molecules 
[38]. An inflection point observed at 99.01 °C may be due to the formation of AS2O5 by 
removal of water molecules from initial composition AS2O5 .nHiO. Slow weight loss 
observed between 200 °C and 271 °C may be due to a slow decomposition of the 
material. Further weight loss between 275 °C and 672 °C may be due to complete 
decomposition of the organic part of the material. At 675 °C onwards a smooth 
horizontal section which represents the complete formation of the oxide form of the 
material. These transforaiations have also been supported by differential thermal 
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analysis (DTA). The DTA curve indicates two exothermic peaks with maxima at 
84.46°C and 480.20°C that confirm the removal of external water molecules and 
structural transformations, respectively. 
TGA curve (Fig. 2.10) of tlie material A-2 (polypyrrole polyantimonic acid) also 
showed a continuous weight loss of mass (about 8.0%) up to 250 °C, which may be due 
to the removal of the water of crystallization [38]. Further weight loss between 250 "C 
and 530 °C may be due to complete decomposition of the organic part of the material. 
At 530 °C onwards a smooth horizontal section which represents the complete 
formation of the oxide form of the material. These transformations have also been 
supported by differential thermal analysis (DTA). The DTA curve indicates two 
exothermic peaks with maxima at 240 "C and 508 °C that confirm the removal of 
external water molecules and structural transformations, respectively. 
2.3.9. Chemical Composition Studies and Chemical Structure 
The molar ratio of Sn, W, As, C, H and N in the material S-1 was estimated to 
be 1:1:4:10.16:25:0.53, which can suggest the following tentative formula of the 
material (polyaniline Sn(IV) tungstoarsenate): 
[(Sn02) (WO3) (AS2O3) (-C6H5-NH2 -)] .nH20 
and its structure can be written as: 
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Assuming that only the external water molecules are lost, at 198 °C the ~7.0% weight 
loss of mass represented by the TGA curve for sample S-1 must be due to the loss of 
nH20 from the above structure. The value of "n", the external water molecules, can be 
calculated using Alberti's equation [39]: 
18n=X(M+ 18n)/100 
where, X is the percent weight loss (-7.0%) in the exchanger by heating up to 198 °C, 
and (M + 18n) is the molecular weight of the material. The calculation gives ~5 for the 
external water molecules {n) per molecule of the cation-exchanger S-1. 
The molar ratio of Sb, C, H, N and O in the material A-2 was also estimated to 
be 2.15:4.12:12.31:1.0:8.94, which can suggest the following tentative formula of the 
material (polypyrrole polyantimonic acid): 
[(SbiOs) (-C4H4NH-)] .nHjO 
21: 
and its structure can be written as: 
o 
HO 
I 
OH 
Sb — O ' - S b ^ O 
OH 
.nH20 
Also for sample A-2, assuming that only the external water molecules are lost at 250 
°C, the -8.0% weight loss of mass represented by the TGA curve must be due to the 
loss of nH20 from the above structure. The value of "n", the external water molecules, 
can be calculated using Alberti's equation. The calculation gives ~2 for the external 
water molecules (n) per molecule of the composite cation-exchanger A-2. 
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Chapter 3 
Stucfies on lon-^Xff^cinge (properties of 
(PoCyaniCine Sn(lV) tungstoarsenate and 
(poCypyrroCe (PofyantimonicJLcicf 
Composite Cdtion-^E^cdangers 
Chapter 3 
3.1. INTRODUCTION 
Exploration of inorganic ion-exchangers is always of interest because of their 
applications in diverse fields such as purification of nuclear reactor cooling water at 
high temperature and pressure, development of ion-selective electrodes, construction of 
ion-exchange membranes and their applications to electro dialysis, extraction of 
uranium from sea water and separation of metal ions etc. [1-5]. Advancement in 
inorganic ion-exchangers is not only due to their high thermal stability and resistivity 
towards radiation fields but also for their unusual selectivity for ionic species and 
versatility in separation. Inorganic ion-exchangers of double salts, based on tetravalent 
metal acid (TMA) salts often exhibit much better ion-exchange behavior as compared 
with single salts. Organic polymers as ion-exchangers are well known for their 
uniformity, chemical stability and control of their ion-exchange properties through 
synthetic methods [6-9]. Derivatization of inorganic ion-exchangers by organic 
molecules depends on the nature of the inorganic matrix. TMA salts can be derivatized 
by organic moieties bearing inorganic groups such as -OH, -COOH, -SO3H, -NH2, -NH 
etc. which also act as ion-exchangers, and are known as organo-inorganic ion-
exchangers or as derivatized tetravalent metal acid (DTMA) salts [10-20]. 
In order to achieve stable materials with chromatographic properties interest has 
been generated in 'organic-inorganic' composite ion-exchange materials. Hahn and 
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Klein [21] introduced organic amines in place of ammonium ion in ammonium 
hexacyanoferrate(II) compound of cobalt(II) and reported that organic amine 
compounds have excellent exchange properties of ^ Cs. Amine tin(n) hexacynoferrate 
(II) [22], amine tin(IV) hexacynoferrate(II) [23], tin(IV) dicthanolamine [24], iron(III) 
diethenol amine [25] and anilinium tin(IV) phosphate [26] have already been reported 
and utilized for the separations of metal ions. In our laboratory, we have also developed 
few such excellent ion-exchange materials and successfully being used in 
chromatographic techniques [27-32]. 
An inorganic ion-exchanger based on organic polymeric matrix must be an 
interesting material, as it should possess the mechanical stability due to the presence of 
organic polymeric species and the basic characteristics of an inorganic ion-exchanger 
regarding its some selectivity for some specific metal ions. It was therefore considered 
to synthesize such hybrid ion-exchangers with a good ion-exchange capacity, high 
stabilities, reproducibility and selectivity for heavy metal ions. A number of organic-
inorganic composite samples of polyaniline Sn(IV) tungstoarsenate and polypyn'ole 
polyantimonic acid cation-exchangers in the granular form suitable for column 
separation were prepared that possessed such characteristics and marked selectivity for 
cadmium and mercury, respectively. 
Kinetic studies of H(I)-metal ion exchanges on ion-exchange materials are 
important for their economic and industrial applications, since the kinetic studies of a 
reaction help in understanding the mechanism, rate determining step and rate laws 
obeyed by a chemical process. Kinetics of ion-exchange emphasizes these aspects in an 
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ion-exchange process. To become aware about the ion-exchange process, investigations 
of some kinetic parameters such as diffusion coefficient, energy and entropy of 
activation, etc., are veiy much essential. It is noteworthy that these parameters are the 
fundamental properties of a system and help us to understand the mechanism of 
interactions during adsorption/exchange process. Hence it is important to deal with the 
kinetic behavior of the material for the exchange of various metal ions. 
Though many such studies have been reported on organic resins and inorganic 
ion-exchangers have found relatively less attention perhaps because of the late revival 
of the interest in these substances. Since these materials are closely related to the 
natural zeolites in their properties, a kinetic model [33] developed for the latter may 
serve well the purpose of understanding the ion-exchange properties of the fornier. 
These studies enable us to understand the viability of an ion-exchanger in separations 
of metal ions. Earlier kinetic studies made on inorganic ion-exchangers [34-47] are 
based on old Bt Criterion proposed by Boyd et al. [48] that should be useful only for an 
isotopic exchange process in which the ions have similar effective diffusion 
coefficients. In a true ion-exchange (non-isotopic exchange) phenomenon, however, the 
fluxes of at least two different ionic species with different effective diffusion 
coefficient and different mobilities [49] of the exchanging ions are coupled with one 
another. Thus, a single diffusion coefficient cannot describe the actual process. In such 
a case, the non-linear Nernst-Planck equations [50,51] should be applicable for a 
particle diffusion-controlled ion exchange with som€ additional assumptions [52,53] 
and more appropriate for obtaining the values of the various kinetic parameters [30, 54-
67] precisely. Since polyaniline Sn(IV) tungstoarsenate and polypyiToIe polyantimonic 
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acid composites showed promising ion-exchange behavior, we have also conducted a 
kinetic study of the exchange of some divalent metal ions (alkaline earth and transition 
metal ions) against the H(I) ions on these materials that is useful to understand the 
mechanism of ion-exchange on the surface of these materials and their separation 
potential. The following pages summarize the studies of ion-exchange properties on 
these composite cation-exchange materials. 
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3.2. EXPERIMENTAL 
3.2.1. Reagents and Chemicals 
The main reagents used for the synthesis were: Stannic chloride (SnC!4. 5H2O, 
97.5%, CDH India Ltd.), Sodium arsenate (Na2HAs04.7H20, 98.5%, Loba Chemie 
India Ltd.), Sodium tungstate (Na2W04.2H20, 98%, E-Merck India Ltd.), Potassium 
pyroantimonate (KSb(0H)6, 98.5%, Loba Chemie India Ltd.), Aniline (C6H5NH2, 99%, 
Qualigens India Ltd.), Pyrrole (C4H4NH, 98%, E-Merck India Ltd.), Potassium 
persulphate (K2S2O8, 98%, CDH India Ltd.), Carbon tetra chloride (CCI4, 99%, CDH 
India Ltd.), Ferric chloride (FeCb, 96%, CDH India Ltd.) and Hydrochloric acid (HCl, 
35%, E-Merck India Ltd.). All other reagents and chemicals were of analytical reagent 
grade. 
3.2.2. Instrumentation 
a A water bath incubator shaker having a temperature variation of ± 0.5 °C was 
used for all equilibrium studies. 
a An electronic balance (digital) - Sartorius (Japan), model 21 OS was used for 
weighing purpose. 
3.2.3. Preparation of Polyaniline Sn(IV) tungstoarsenate and Polypyrrole 
Polyantimonic Acid 
A number of samples of 'polyaniline Sn(IV) tungstoarsenate' and 'polypyrrole 
polyantimonic acid' were prepared by following the method as given in Chapter - 2 
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(Section 2.2.3.). On the basis of Na^ ion-exchange capacity and reproducibihty, the 
samples S-1 (Table 3.1) and A-2 (Table 3.2) were chosen, respectively from both the 
composites for the detail studies of their ion-exchange behavior. 
3.2.4. Ion Exchange Properties of Polyaniline Sn(IV) tungsfoarsenate and 
Polypyrrole polyantimonic acid 
3.2.4.1. Ion-Exchange Capacity (Le.c.) 
Ion-exchange capacities of the composite cation-exchangers were determined by 
standard column process. One gram (1 g) of the diy cation-exchanger, samples S-1 and 
A-2, in the H -fonns were taken into a glass column having an internal diameter (i.d.) 
~1 cm and fitted with glass wool support at the bottom. The bed length was 
approximately 1.5 cm long. 1 M alkali and alkaline earth metal nitrates as eluants were 
used to elute the H"^  ions completely from the cation-exchange column, maintaining a 
veiy slow flow rate (-0.5 ml min''). The effluent was titrated against a standard (0.1 M) 
NaOH solution and the ion-exchange capacities (i.e.c.) in meq g'* are given in Table 
3.3. 
3.2.4.2. Effect ofEluant Concentration 
To find out the optimum concentration of the eluant for complete elution of H^ 
ions, a fixed volume (250ml) of NaNOa (sodium nitrate) solution of varying 
concentrations were passed through a column containing Ig of the exchanger in the Re-
form with a flow rate of ~ 0.5 ml min"'. The effluent was titrated against a standard 
alkali solution for the H^ ions eluted out. Table 3.4 showed the maximum elution 
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Table 3.2 
Preparation and ion-exchange capacity of various samples of polypyrrole 
poiyantimonic composite cation-exchange material 
Sample 
no. 
Molarity of Mixing volume ratio (v/v) 
KSb(0H)6 
Na"^  ion-
(M) 
KSb(0H)6in pHofthe Pyrrole FeCls capacity 
5.8MHC1 precipitate inCCU (*meq dry 
solution (33.33%) (O.IM) gj^-') 
Method-1 
A-1 
A-2 
A-3 
A-4 
A-5 
A-6* 
A-7* 
A-8* 
Method-2 
A-9 
Method-3 
A-10 
A-11 
(poiyantimonic 
acid) 
A-12 
(polypyrrole) 
0.1 1 
0.1 1 
0.1 1 
0.05 1 
0.2 1 
0.1 1 
0.1 1 
0.1 1 
0.2 1 
0.1 1 
0.1 1 
~ 
0.125 
?5 
3? 
., 
55 
55 
55 
55 
55 
55 
55 
~ 
0.015 
0.030 
0.045 
0.030 
0.030 
0.015 
0.030 
0.045 
0.030 
0.030 
— 
0.030 
0.3 
0.4 
0.5 
0.3 
0.6 
0.3 
0.4 
0.5 
0.4 
0.4 
~ 
0.3 
2.90 
3.19 
2.75 
2.84 
3.10 
2.43 
2.91 
2.54 
2.05 
2.95 
2.83 
0.03 
*Refluxed for 16 hours 
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Table 3.4 
Effect of eluant concentration on ion-exchange capacity of polyaniline Sn(lV) 
tungstoarsenate and polypyrrole polyantimonic acid composite cation-exchangers 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Polyaniline Sn(IV) 
tungstoarsenate 
(S-1) 
Molar 
concentration 
ofNaNOs 
0.25 M 
0.5 M 
0.75 M 
I M 
1.25 M 
1.5 M 
2M 
Ion-exchange 
capacity 
(meq dry g"') 
0.70 
0.92 
1.22 
1.67 
1.67 
1.67 
1.67 
Polypyrrole 
(A-2) 
Molar 
polyantimonic acid 
concentration 
ofNaNOs 
0.2 M 
0.4 M 
0.6 M 
0.8 M 
I M 
1.2 M 
1.4 M 
Ion-exchange 
capacity 
(meq dry g'') 
2.41 
2.62 
2.81 
3.19 
3.19 
3.19 
3.19 
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observed with the concentration of NaNOs for both the composite cation-exchangers 
(S-landA-2). 
3.2,4.3, Elution Behavior 
Since with optimum concentration for a complete elution was observed to be 1 
M for sample S-1 and 0.8 M for sample A-2 (Table 3.4), a column containing Ig of the 
exchanger in H"^ - form was eluted NaNOs solution of this concentration in different 10 
ml fractions with minimum flow rate as described above. This experiment was 
conducted to find out the minimum volume necessary for almost complete elution of 
H"^  ions, which determines the exchange efficiency of the column. 
3.2.4.4. pH- Titration 
pH-titration studies of polyaniline Sn(IV) tungstoarsenate (S-1) and polypyrrole 
polyantimonic acid (A-2) were performed by the method of Topp and Pepper [68]. A 
total of 500 mg portions of the cation-exchangers in the H'^ -form were placed in each of 
the several 250 ml conical flasks, followed by equimolar solufions of alkali metal 
chlorides and their hydroxides in different volume ratio, the final volume being 50 ml 
to maintain the ionic strength constant. The pH of the solution was recorded every 24 h 
until equilibrium was attained which needed ~5 days and ~7 days, respectively; and pH 
at equilibrium was plotted against the milliequivalents of OH" ions added. 
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3.2.4.5, Thermal Effect on Ion-Exchange Capacity (i.e.c.) 
To study the effect of drying temperature on the i.e.c, 1 g samples of the 
composite cation-exchange materials (S-1 and A-2) in the H^-form were heated at 
various temperatures in a muffle furnace for 1 hour each and the Na"^  ion-exchange 
capacity was detennined by column process after cooling them at room temperature. 
The results are given in Table 3.5. 
3.2.4.6. Selectivity (sorption) Studies 
The distribution behavior of metal ions plays an important role in the 
determination of selectivity of the material. In certain practical applications, 
equilibrium is most conveniently expressed in ternis of distribution coefficients of the 
counter ions. The distribution coefficients (K^-values) of metal ions on the sample 
materials (S-1 and A-2) were determined by batch method in various solvent systems. 
Various 200 mg portions of the cation-exchanger in the H^-form were taken in 
Erienmeyer flasks with 20 ml different metal nitrate solutions in the required medium 
and kept for 24 hours with intermittent shaking or continuous shaking for 6 hours in a 
shaker at 25 ± 2°C to attain equilibrium. The initial metal ion concentration was so 
adjusted that it did not exceed 3% of its total ion-exchange capacity. The metal ions in 
the solutions before and after equilibrium were determined by EDTA titration [69]. The 
alkali and alkaline earth metal ions (K^ Na^ Ca^ )^ were determined by flame 
photometry and some heavy metal ions, such as Pb" , Cd" , Cu , Cr^  , Hg" , Ni , 
Mn^ ^ and Zn^ "^  were determined by AAS. The distribution quantity is given by the ratio 
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of amount of metal ion in the exchanger phase and in the solution phase. In other word, 
the distribution coefficient is the measure of a fractional uptake of metal ions 
competing for H"*^  ions from a solution by an ion-exchange material and hence 
mathematically can be calculated using the formula given as: 
m moles of metai ions / gm of ion - exchanger ^ , -K 
Kd = : (mlg ) J.] 
m moles of metal ions / ml of solution 
i.e. Kd = (I-F)/FxV/M (mlg') 3.2 
where / is the initial amount of metal ion in the aqueous phase, F is the final amount of 
metal ion in the aqueous phase, V is the volume of the solution (ml) and M is the 
amount of cation-exchanger (g). 
3.2.4.7. Separation Factors 
The basic property of an ion-exchange material for a separation is its selectivity 
for various species. It is based on the separation factor of metal ions that can be defined 
calculated as follows: 
Kd(A) 
Separation factor (a^^) = 3.3 
Kc,(B) 
where Kd (A) and Kj (B) are the distribution coefficients for the two competing species 
A and B in the ion-exchange system. The separation factor is the prefemce of the ion-
exchangers for one of the two counter ions is often. The quantity is particularly 
convenient for practical applications, e.g. for the calculation of column preference. 
231 
3.2.4.8. Ion-Exchange Kinetics 
The kinetic behavior of cation-exchange materials for the exchange of various 
metal ions were studied on both the composite cation-exchangers (S-1 and A-2) in the 
H"^ - form. 
3.2.4.8.1. Determination of the infinite time of exchange 
The infinite time of exchange is the time necessary to obtain equilibrium in an 
ion-exchange process. The ion-exchange rate becomes independent of time after this 
time interval as evident from Fig. 3.1 and 3.2. About 30 minutes for sample S-1 and 25 
minutes for sample A-2 were required for the establishment of equilibrium at 33 °C for 
0-4- -4- 0-J- -4- T-i.- ^ T-1- -J- ^ _i_ 
Mg -H exchange. Similar behavior was observed for Ca ' -H \ Sr^-H^ B a ' - H \ N i ' -
H"^ , Cu '^^ -H'^ , Mn^ "^ -H"^  and ZVL'^-YC exchanges. Therefore, 30 and 25 minutes have been 
assumed to be the infinite time of exchange for these studies. 
3.2.4.8.2. Kinetic measurements 
The composite cation-exchanger samples (S-1 and A-2) were ground and then 
sieved to obtain particles of definite mesh sizes (25-50, 50-70, 70-100 and 100-125). 
Out of them the particles of mean radii ~125|im (50-70 mesh) were selected to 
evaluate various kinetic parameters. The rate of exchange was detennined by limited 
bath technique as follows: 
Twenty-milliliter fractions of the 0.03 M (for S-1) and 0.02 M (for A-2) metal 
ion solutions (Mg, Ca, Sr, Ba, Ni, Cu, Mn and Zn) were shaken with 200 mg of the 
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10 15 
Time (rnin) 
25 30 60 
Fig. 3.1. A plot of U(T) versus time (0 for Mg (II)- H(I) exchange on polyaniline Sn(IV) 
tungstoarsenate at 33 °C for the determination of the infinite time of exchange. 
30 40 
Time (min) 
Fig. 3.2. A plot of U(r) versus / (time) for M(II)-H(I) exchanges at 33"C on 
polypyrrole polyantimonic acid composite cation-exchanger for the determination of 
infinite time. 
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caiion-exchanger in H"^ -form in several stoppered conical flasks at desired temperatures 
(25, 33, 50 and 65 (±0.5) °C) for different time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 
min.). The supernatant liquids were removed immediately and determinations were 
made usually by EDTA titrations [69]. Each set was repeated four times and the mean 
values were taken for calculations. 
3.2.4.8.3. Analytical procedures 
The results are expressed in ternis of the fractional attainment of equilibrium 
U(T) with time according to the equation: 
/ N _ the amount of exchange at time't' . 
the amount of exchange at infinite time 
and the con-esponding r values were calculated by solving the Nemst-Plank equation 
[50,51]. The rvalues for alkaline earth and transition metal ions on polyaniline Sn(IV) 
tungsoarsenate (S-1) and polypyrrole polyantimonic acid (A-2) composite cation-
exchangers are given in Table 3.6 at four different temperatures. 
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Table 3.6 
z"-values for M -H exchanges on polyaniline Sn(IV) timgstoarsenate and 
polypyrrole polyantimonic acid composite cation-exchangers at different 
temperatures after various time intervals 
Exchanging 
ions 
11 
Temperature 
=5-
Time (min.) 
u 
Mg'"-H" 
0.5 
1.0 
2.0 
3.0 
4.0 
Ca'^ ^ - W 
0.5 
1.0 
2.0 
3.0 
4.0 
Sr^'-tr 
0.5 
1.0 
2.0 
3.0 
4.0 
Ba'^  - i r 
0.5 
1.0 
2.0 
3.0 
4.0 
T - values at 
Polyaniline Sn(lV) tungstoarsenate 
(S-1) 
25 "C 
0.018 
0.037 
0.073 
0.110 
0.146 
0.017 
0.033 
0.067 
0.100 
0.134 
0.009 
0.020 
0.041 
0.062 
0.084 
O.OII 
0.026 
0.053 
0.078 
0.105 
0.023 
0.048 
0.096 
0.144 
0.192 
0.022 
0.045 
0.090 
0.135 
0.180 
0.010 
0.023 
0.048 
0.072 
0 096 
0.015 
0.037 
0.075 
0.113 
0.149 
50 °C 
0.030 
0.058 
0.114 
0.171 
0.226 
0.027 
0.053 
0.107 
0.160 
0.213 
0.013 
0.030 
0.058 
0.087 
0.117 
0.017 
0.042 
0.085 
0.126 
0.169 
65 °C 
0.035 
0.071 
0.139 
0.209 
0.278 
0.032 
0.065 
0.131 
0.196 
0.261 
0.015 
0.035 
0.070 
0.106 
0.143 
0.027 
0.056 
0.113 
0.168 
0.226 
Polypyrrole poly 
(A-2) 
25 "C 
0.028 
0.057 
0.114 
0.171 
0.228 
0.026 
0.051 
0.103 
0.154 
0.206 
0.022 
0.045 
0.089 
0.133 
0.177 
0.025 
0.049 
0.098 
0.148 
0.197 
0.035 
0.071 
0.142 
0.213 
0.285 
0.031 
0.061 
0.123 
0.185 
0.246 
0.026 
0.055 
0.108 
0.162 
0.216 
0.029 
0.058 
0.116 
0.174 
0.232 
antimonic acid 
50 °C 
0.045 
0.089 
0.179 
0.268 
0.358 
0.036 
0.070 
0.141 
0.211 
0.281 
0.029 
0.059 
0.117 
0.176 
0.234 
0.034 
0.067 
0.134 
0.201 
0.268 
65'^ C 
0.049 
0.099 
0.196 
0.294 
0.392 
0.042 
0.083 
0.167 
0.250 
0.333 
0.037 
0.073 
0.147 
0.220 
0.293 
0.039 
0.077 
0.155 
0.232 
0.309 
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Table 3.6. Continued. 
Exchanging 
ions 
Temperature 
Time (min.) 
Mn^ "-H" 
0.5 
1.0 
2.0 
3.0 
4.0 
Zn^"-H" 
0.5 
i.o 
2.0 
3.0 
4.0 
Cu''-ir 
0.5 
TO 
2.0 
3.0 
4.0 
Ni^ " - H" 
0.5 
1.0 
2.0 
3.0 
4.0 
T - values at 
Polyaniline Sn(IV) tungstoarsenate 
(S-1) 
25 °C 
0.016 
0.033 
0.064 
0.096 
0.128 
0.013 
0.025 
0.051 
0.075 
O.IOl 
0.015 
0.031 
0.063 
0.094 
0.125 
0.014 
0.029 
0.059 
a.088 
0.117 
33 °C 
0.020 
0.041 
0.079 
0.121 
0.161 
0.016 
0.034 
0.067 
0.101 
0.134 
0.019 
0.039 
0.076 
0.114 
0.152 
0.017 
0.035 
0.070 
0.105 
0.140 
50 °C 
0.031 
0.063 
0.125 
0.188 
0.250 
0.021 
0.043 
0.085 
0.128 
0.170 
0.027 
0.055 
0.110 
0.165 
0.221 
0.022 
0.045 
0.091 
0.136 
0.181 
65 "C 
0.038 
0.075 
0.150 
0.225 
0.301 
0.023 
0.048 
0.095 
0.143 
0.191 
0.033 
0.067 
0.133 
0.199 
0.266 
0.024 
0.049 
0.099 
0.148 
0.198 
Polypyrrole poly 
(A-2) 
25 °C 
0.025 
0.051 
0.101 
0.152 
0.203 
0.023 
0.047 
0.094 
0.141 
0.188 
0.026 
0.053 
0.105 
0.158 
0.211 
0.024 
0.049 
0.098 
0.147 
0.196 
33 °C 
0.030 
0.061 
0.122 
0.182 
0.243 
0.028 
0.056 
0.112 
0.168 
0.224 
0.031 
0.061 
0.123 
0.185 
0.246 
0.030 
0.059 
0.119 
0.179 
0.239 
antimonic acid 
50 °C 
0.039 
0.077 
0.155 
0.232 
0.310 
0.034 
0.068 
0.135 
0.203 
0.271 
0.039 
0.077 
0.155 
0.232 
0.310 
0.037 
0.074 
0.148 
0.222 
0.297 
65 °C 
0.045 
0.089 
0.178 
0.268 
0.357 
0.042 
0,083 
0.167 
0.251 
0.334 
0.046 
0.093 
0.185 
0.277 
0.370 
0.045 
0.091 
0.181 
0.272 
0.362 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Preparation of Organic-Inorganic Composite Cation-Exchangers and 
Ion-Exchange Capacity (i.e.c.) 
A number of samples of new and novel polyaniline and polypyrrole based 
'organic-inorganic' composite cation-exchange materials were developed by 
incorporating polyaniline and polypyrrole into the inorganic matrices of Sn(IV) 
tungstoarsenate and polyantimonic acid, respectively. Because of high percentage of 
yield, better ion-exchange capacity, reproducible behavior and chemical and themial 
stabilit} ,^ sample S-1 (Table 3.1) and sample A-2 (Table 3.2) were chosen for detail ion-
exchange behavior studies. 
However, they exhibited high granulometric and mechanical properties, showing 
a good reproducible behavior as is evident from the fact that these materials obtained 
from various batches did not show any appreciable deviation in their ion-exchange 
capacities. It was also found that the values of H^-adsorption and H^-liberation 
capacities are in close agreement. 
The effect of the size and charge of the exchanging ion on the i.e.c. was also 
observed for these materials (Table 3.3). The i.e.c. of the composite cation-exchangers 
for alkali metal ions (except Na"^  for sample S-1) and alkaline earth metal ions (except 
Ba^ "^  for sample A-2) increased according to the decrease in their hydrated ionic radii. 
This is in agreement with theoretical considerations. 
Both the composite cation-exchange materials possessed a better Na^ ion-
exchange capacity (1.67 meq g"^  of S-1 and 3.19 meq g"' of A-2) as compared to 
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inorganic precipitates, Sn(IV) tungstoarsenate (1.12 meq g"') and polyantimonic acid 
(2.83 meq g"'), respectively; and some other similar materials i.e. double salts of 
tetravalent metals, prepared earlier (Table 3.7 and Table 3.8). 
The column elution experiments indicated a dependence of the concentration of 
the eluant on the rate of elution, which is a usual behavior for such materials. For 
sample S-1, the minimum molar concentration of NaNOs as eluant was 1 M for the 
maximum release of H^ ions from 1 g of the cation-exchanger as evident from Fig. 3.3. 
The elution was appreciably fast as only 140 ml (Fig. 3.4) of the effluent was sufficient 
for almost complete elution of the H^ ions from its (S-1) column within 5h. It is also 
from Fig. 3.5 that the minimum molar concentration of NaNOs as eluant was 0.8 M for 
the maximum release of H"*^  ions from 1 g of the sample A-2 cation-exchanger and the 
elution was appreciably fast as only 130 ml (Fig.3.6) of the effluent was sufficient for 
almost complete eluti-on of the H^ ions from its (A-2) column within 4h. 
3.3.2. pH - Titration 
Ion-exchangers of both cation in H"^ -form and anion in OH'-form can be 
considered as insoluble acids and bases. In many respects, they act like as their 
counterparts. In particular, they can be titrated with standard bases and acids. In such a 
titration, the ion-exchangers remain insoluble, but comes to equilibrium with the 
solution to which the titrant is added. The neutralization of the ion-exchanger acid or 
base can be observed by recording the pH of the supernatant solution while the titration 
in progress. The titration curves determine the functionality of the ion-exchanger, i.e. 
mono, bi or polyfunctional. However, the capacity of strongly acidic or basic ion-
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Table 3.8 
Comparison of the preparation and properties of polypyrrole polyantimonic acid with 
those of other cation-exchangers 
Ion-exchange 
materials 
Reagents Mixing 
ratio 
pH of the 
inorganic 
precipita-
tes 
Na"-
exchange 
capacity 
Tmeq dry 
Polypyrrole 
polyantimonic 
acid 
(sample A-2) 
Polyantimonic 
acid 
(sample A-11) 
Antimonic(V) acid 
(ref no. 72) 
Antimony 
phosphate 
(ref no. 73) 
Sn(IV) antimonate 
(ref no. 74) 
Antimony(III) 
molybdate 
(ref no. 75) 
Antimony(III) 
arsenate 
(ref no. 75) 
Antimony silicate 
(ref no. 76) 
Th(lV) antimonite 
(ref no. 77) 
Antimony(V) 
arsenophosphate 
(ref no. 78) 
Polyaniline Sn(IV) 
tungstoarsenate 
(sample S-1) 
Polyaniline Sn(IV) 
arsenophosphate 
(ref no. 30) 
Polypyrrole 
(sample A-12) 
O.IM potassium pyroantimonate in 1 : 0.03 
5.8MHC1+ 33.33% pyrrole in CCI4 0.5 
+ 0.1MFeC!3 
O.IM potassium pyroantimonate in 
5.8M HCl + cone. NH4OH 
20% antimony metal in mixed 1:13 
solution of HCl + HNO3 (4:1) + 
distilled water 
O.IM potassium pyroantimonate + 1:1 
0.05M orthophosphoric acid 
0.05 M tin(iv)chloride + 0.05M 1 : 2 
potassium pyroantimonate 
O.IM sodium molybdate + O.IM 1:1 
antimony(iii) chloride 
0.05M sodium arsenate + 0.05M 1 : 1 
antimony(iii) chloride 
O.IM antimony pentachloride in 1:2 
cone. HCl + O.IM sodium silicate 
O.IM thoriuni(iy) nitrate in 0.1M 1:1 
HNO3 + O.IM antimony(v) chloride 
in 4M HCl 
0.05M SbCls + 0.05M sodium 3 : 1 : 1 
arsenate + 0.05M trisodium 
orthophosphate 
0. IM tin(iv)chloride + 0. IM sod. 1 : 1 : 1 : 
tungstate + O.IM sod. arsenate 1 : 1 
+10%aniline + O.IM K2S20« 
0.IM tin(iv)chloride + 0.IM sod. 1 : 1 : 1 : 
arsenate + O.IM H3PO4+ 1:1 
10%aniline + 0. IM (NH4)2S20g 
33.33% Pyrrole in CCI4+ 1:10 
O.lMFeCls 
0.125 
0.125 
0-0.6 
0.0-1.0 
0.0-1.0 
0.0 
0.85 
0-1 
0.0 
0-1 
1.0 
1.0 
;.i9 
2.83 
1.30 
(for K )^ 
2.05 
2.40 
1.02 
0.70 
1.60 
2.00 
2.20 
1.67 
1.58 
0.03 
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0.25M 0.5M 0.75M IM 1.25M 
Molar cone, of NaNOs 
Fig. 3.3. Concentration plot of polyaniline Sn(IV) tungstoarsenate. 
1.5M 2M 
T3 
S3 
C/5 
c 
o 
+ 
o 
la 
'5^ 
cr 
^ 
0.4 J 
0.35 -
0.3 -
0.25 
0.2 
0,15 -
0.1 • 
0.05 -
0 
10 20 30 40 50 60 70 80 90 100 110 120 130 140 
Volume of effluent (ml) 
Fig. 3.4. Histogram showing the elution behavior of polyaniline Sn(IV) tungstoarsenate 
cation exchanger. 
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0.2 M 0.4 M 0.6 M 0.8 M IM 
Concentration of NaNOs 
1.2 M 1.4 M 
Fig. 3.5. Concentration plot of polypyrrole polyantimonic acid composite cation-
exchanger. 
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Fig.3.6. Histogram showing the elution behavior of polypyrrole polyantimonic acid 
cation-exchanger. 
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exchangers is practically independent of pH. The functional groups of these exchangers 
are able to exchange ions over a wide range of pH values, i.e. they can dissociate in 
acidic, neutral or alkaline solutions. 
The pH-titration cun-es for poiyaniline Sn(lV) tunstoarsenate (sample S-1) and 
polypyrrole polyantimonic acid (sample A-2) were obtained under equilibrium 
conditions with LiOH/LiCl, NaOH/NaCl and KOH/KCl systems indicated biflinctional 
behavior of the materials as shown in Fig. 3.7 and Fig. 3.8. Both the composite 
materials appear to be strong cation-exchangers as indicated by a low pH (-2.5 for S-1 
and -2.6 for A-2) of the solutions when no OH ^  ions were added to the system. For the 
sample S-1, the rate of H"^ - Na* exchange was faster than those of H^- K"^  and H"^ - Li"^  
exchanges. In case of sample A-2, the adsorption behavior for alkali metals on this 
material was observed to be in the order of Na(I)>K(I)>Li(I) in acidic pH. It is reversed 
to Li(I)>K(I)>Na(I) in the basic media. The theoretical i.e.c. of S-1 and A-2 for these 
ions were found to be -3.2 meq g'' and -4.25 meq g'', respectively. 
3.3.3. Thermal Effect on Ion-Exchange Capacity ( i.e.c.) 
On heating at different temperatures for one hour, the ion-exchange capacity of 
the dried composite cation-exchanger samples (S-1 and A-2) decreased as the 
temperature increased (Table 3.5). However, both the exchangers were found to 
possess higher themial stability as sample S-1 (poiyaniline Sn(IV) tungstoarsenate) is 
thermally stable up to 150 °C and it maintained about 55% of the initial ion-exchange 
capacity by heating up to 400 °C, and also the sample A-2 (polypyrrole polyantimonic 
acid) is thermally stable up to 200 °C and it retained about 59% of the initial ion-
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— NaOH-NaCl 
-• KOH-KCl 
^ LiOH-LiCl 
1.0 2.0 3.0 4.0 
m moles of OH" ions added — 
5.0 
Fig. 3.7. pH-titration curves for polyaniline Sn(IV) tungstoarsenate composite 
cation-exchanger witli various alkali metal hydroxides. 
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12 
10 -
8 -
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-•-NaCl-NaOH 
•^A-KCl-KOH 
-a-LiCl-LiOH 
0 0.5 1 1.5 2 2.5 
m moles of 0H~ ions added -
3.5 
Fig. 3.8. pH-titration curves for polypyrrole polyantimonic acid composite 
cation-exchanger with various alkali metal hydroxides. 
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exchange capacity by heating up to 600 °C. From a comparative study of heating effect 
on Na^ ion-exchange capacity of polyaniline Sn(IV) tungstoarsenate and polypyrrole 
polyantimonic acid with those of other ion-exchangers, as shown in Fig. 3.9 and Fig. 
3.10, respectively; it is apparent that these composite cation-exchangers are more 
thermally stable than others. 
3.3.4. Selectivity Studies 
In order to explore the potentiality of these composite materials (S-1 and A-2) in 
the separation of metal ions, distribution studies for several metal ions were performed 
in different solvent systems. It is apparent from the data given in Table 3.9 and Table 
3.10 that the Kd-values can vary with the composition and nature of the contacting 
solvents. On the basis of distribution studies, the most promising property of these 
materials was found to be the high selectivity towards Cd(II) for sample S-1 and Hg(II) 
for sample A-2, which are the major polluting elements in the environment. 
3.3.5. Separation Factors 
The separation factor is the quotient of the concentration ratios of the counter 
ions in the ion-exchanger and the solution. If the ion A is preferred, the factor a^^ is 
larger than unit>', and if B is preferred, the factor is smaller than unity. The numerical 
value of the (dimension less) separation factor is not affected by the choice of the 
concentration units. Of course, the separation factor is usually not constant, but 
depends on the total concentration of the solution, the temperature, and equivalent 
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fraction. On the basis of Kd values, separation factor for some metal ion pairs were 
calculated and given in Table 3.11 and 3.12. These factors are the guiding measures for 
a number of separations of analytical as well as environmental interest on the columns 
of polyaniline Sn(IV) tungstoarsenate, S-l and polypyrrole polyantimonic acid, A-2 
dried phases. 
3.3.6. Ion-Exchange Kinetics 
Kinetic measurements were made under the conditions favoring a particle 
diffusion-controlled ion-exchange phenomenon for the exchange of Mg(ll)-H(I), 
Ca(II)-H(I), Sr(II)-H(I), Ba(II)-H(I), Ni(II)-H(I), Cu(II)-H(I), Mn(II)-H(I) and Zn(II)-
H(I). The particle diffusion-controlled phenomenon is favored by a high metal ion 
concentration, relatively a large particle size of the exchanger and a vigorous shaking 
of the exchanging mixture. A study of the concentration effect on the rate of exchange 
at 33 °C showed that the initial rate of exchange was proportional to the metal ion 
concentration at and above 0.03 M for polyaniline Sn(IV) tungstoarsenate, S-l (Fig. 
3.11) and 0.02 M for polypyrrole polyantimonic acid, A-2 (Fig. 3.12). Below the 
concentration of 0.03 M and 0.02 M; the film diffusion was more prominent for each 
material. Plots of U(T) versus time {t) in minutes, for all metal ions (Fig. 3.13 and Fig. 
3.14) indicated that the fractional attainment of equilibrium was faster at a higher 
temperature suggesting that the mobility of the ions increased with an increase in 
temperature and the uptake decreased with time. 
Though this is a limited bath system, it may be considered to follow the infinite 
solution volume condition [79] because CV»CV, where C and C are the metal ion 
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Table 3.11 Table 3.12 
Separation factors of different metal ions 
on polyaniline Sn(IV) tungstoarsenate 
Separation factors of different meta] 
ions on pol>'pyrrole polyantimonic acid 
Separation 
factor 
« » 
CJ 
Ld 
Ccl 
Cd 
Cd 
Mg 
Bi (X-, 
Zn 
Bi (X , 
^Ni 
DMW 
11.10 
7.30 
3.81 
16.22 
14.38 
21.95 
88.49 
3.80 
2.50 
pH = 3 
12.08 
18.15 
8.90 
23.49 
7.05 
11.52 
120.80 
6.28 
9.44 
Separation 
factor 
a"cl 
Hg 
^Cd 
Hg (1 
a"' 
Kg (1 
<: 
<: 
DMW 
15.97 
5.75 
5.75 
4.18 
1.21 
46.00 
2.09 
13.19 
4.75 
pH = 2 
18.75 
9.00 
10.39 
6.14 
1.50 
19.29 
11.11 
12.50 
6.00 
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Fig. 3.11. A plot of rversus t (time) for M(II)-H(I) exchanges using different 
metal solution concentrations at 33 °C on polyaniline Sn(IV) 
tungstoarsenate composite cation-exchanger. 
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concentrations in the solution and the exchanger phases respectively, V and V being the 
volumes of these phases. The Nernst-Plank equations can be solved with the following 
additional assumptions [80], which are applicable to the inorganic ion-exchangers. 
1. The presence of the co-ions in the exchanger is neglected. 
2. The molarity of the fixed ionogenic groups in the exchanger remains 
unchanged, and 
3. The individual diffusion coefficients remain constant. 
As a result, we obtain a coupled inter diffusion coefficient DAB given by-
DADB(ZA'CA + ZB'CB) 
DAB = 3.5 
ZA CADA + ZB'CBDB 
The values of DAB depend upon the relative concentrations of the exchanging species 
{viz. A and B) in the exchanger phase (CA and CB). For CA « CB, the inter diffusion 
coefficient assumes the value of DA, A being the counter ion initially present in the 
exchanger phase. 
On the basis of Nernst-Plank equations the numerical results can be expressed 
by explicit approximation [81]: 
U(t) ^ {1- exp [7^ (f,(a)r+f2(a)^ +f3(a)T^)]f' 3.6 
where r is the half time of exchange = £>/ir/r/, a is the mobility ratio = DA/DBJQ 
is the particle radius, DA and DB ai^ e the inter diffusion coefficients of counter ions A 
and B respectively in the exchanger phase. The three functions fi(a), f2(a) and fsla) 
depend upon the mobility ratio {a) and the charge ratio {ZA/ZB) of the exchanging ions. 
Thus they have different expressions as given below [82]. When the exchanger is taken 
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in the H"^ -form and the exchanging ion is M^" and for 1 < a < 20, as in the present case, 
the three functions have the values-
1 
fi(a) = - 3.7 
0.64 + 0.36 a"-^ ^^  
f2(cc) 
0.96 - 2.0 a'-'"''' 
f3(a)= .......3.9 
0.27 + 0.09 a"-^^ 
Each value of U(T) will have a corresponding value of r which is obtained on solving 
equation (3.6). The plots of r versus time {t) at the four temperatures as shown in Fig. 
3.15 and Fig. 3.16 are the straight lines passing through the origin, confirm the particle 
diffusion controlled phenomenon for M(II) - H(I) exchanges at a metal ion 
concentration of 0.03 M and 0.02 M. 
The slopes (.lvalues) of various r versus time (t) plots are given in Table 3.13. They 
are related to Z)// as follows: 
S=DH/ro 3.10 
The values of -log DH obtained by using equation (3.10) plotted against 1/T are 
straight lines as shown in Fig. 3.17 and 3.18, thus verifying the validit}' of the 
Arrhenius relation: 
'DH =Doexp(-EJRT) 3.11 
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Do is obtained by extrapolating these lines and observing the intercepts at the origin. 
The activation energy (£„) is then calculated with the help of the equation (3.11), 
putting the value of DH at 273 K. The entropy of activation {AS*) was then calculated 
by substituting Dg in equation (3.12). 
Do = 2.12d'kT/hexp(AS*/R) 3.12 
where d is the ionic jump distance taken as 5 A [83], k is the Boltzmann constant, R is 
the gas constant, h is the Plank's constant and T is taken as 273 K. The values the 
diffusion coefficient (Z)^ ), energ}' of activation {Eg) and entropy of activation (zLS*) 
thus obtained are summarized in Table 3.14. 
The kinetic study reveals that equilibrium is attained faster at a higher 
temperature (Fig. 3.13 and 3.14), probably because of a higher diffusion rate of ions 
through the thermally enlarged interstitial positions of the ion-exchange matrix. The 
particle diffusion phenomenon is evident from the straight lines passing through the 
origin for the r versus time (/) plots, as shown in Fig. 3.15 and 3.16. Negative values of 
entropy of activation suggest a greater degree of order achieved during the forward ion-
exchange [M(II) - H(I)] process. 
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Chapter 4 
INVESTIGATIONS OF ELECTRICAL 
BEHAVIOR OF ELECTRICALLY 
CONDUCTING POLYMER BASED 
^'ORGANIC-INORGANIC' COMPOSITES: 
POLYANILINE Sn(IV) 
TUNGSTOARSENATE AND POLYPYRROLE 
POLYANTIMONIC ACID 
Chapter 4 
4.1. INTRODUCTION 
To meet the demand of materials of improved performance, explosive research 
is going on to synthesize the composites (combinations of desirable properties of each 
component) of 'organic-organic' and 'organic-inorganic' nature. Composite materials 
formed by the combination of inorganic materials and organic polymers are termed as 
'organic-inorganic' hybrid materials. Accordingly, hybrids can be used to modify 
organic polymer materials or to modify inorganic materials that exhibit very different 
properties from their original components (organic polymers and inorganic materials) 
[1-5]. Away from other advantages, inorganic materials as ion-exchangers are 
important in being more stable to high temperature and radiation field than the organic 
ones. Organic polymers as ion-exchangers are well known for their uniformity, 
chemical stability and control of their ion-exchange properties through synthetic 
methods [6]. In order to obtain a combination of these advantages associated with 
polymeric and inorganic ion-exchange materials, attempts have been made to develop a 
new class of composite ion-exchangers by incorporation of electrically conducting 
organic polymers (polyaniline, polypyrrole, etc.) into the matrices of inorganic 
precipitates [7-10]. 
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The electrical and electronic properties exhibited by solid-state materials are 
crucial in a large number of inorganic as well as organo-inorganic materials 
applications [11-15]. These unique electronic properties result from their extended 
structures, where strong interactions between the atoms, ions or molecules occur 
throughout the lattice. In terms of conductivity, the behavior ranges from, insulating 
through semiconducting to metallic and superconducting. Many types of electrically 
conducting materials classified as electrolytes or polymer ionics have been developed 
and characterized in recent years [16]. Solid electrolytes, having conductivities of 10"' 
to 10" S cm', are required in several systems operating either with high current 
densities (electrolyzers, batteries, etc.) [17], or at very low current levels (gauges, 
electrochemical memories, coulometers, etc.) [18], in order to avoid excessive Joule-
heat losses or excessive cell impedance. Furthemiore, high conductivities are required 
for materials employed in the preparation of charged membranes or in themioelectric 
generators [19]. Only a few solid electrolytes are presently known to exhibit such a 
favorable conductance and most of them only at high temperature. From the known ion 
exchange properties of a-type layered compounds and particularly since they exhibit 
solid-solid ion exchange, it is expected the counter ions can move under an applied 
field [20]. 
In the past few years, researchers have shown much interest from the solid-state 
scientific perspectives on the study of electrical conducting behavior of 'organo-
inorganic' composite materials [21-26]. Special interest today is focused on composite 
systems having high conductivity at ambient and sub ambient temperatures, since they 
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find unique applications, such as separators in liigh power, versatile and reciiargeable 
lithium batteries. Moreover, composite materials composed of oxides or polyvalent 
metal acid salts and conducting polymers have brought out more fields of applications, 
such as smart windows, toners in photocopying, conductive paints, drug deliver)', 
rechargeable batteries, etc. [27-29]. 
Conducting polymers possess good tunable electrical conductivity and are 
organic electrochromic materials with chemically active surface [30,31]. But they are 
chemically sensitive and have poor mechanical properties and pose processibility 
problems. On the other hand, inorganic oxides or metal acid salts show the presence of 
more sites for surface reactivity and are highly porous in sol form. They also have good 
mechanical properties and are good dispersants too [32]. Thus, composite materials 
formed by combining conducting polymers and inorganic particles; possess all the 
good properties of both the constituents and an enhanced utility thereof These novel 
materials have also generated a large amount of interest in the field of synthetic metals. 
One of the most important goals of the research carried out on these materials is the 
preparation of a material that combines the mechanical and processing properties of a 
polymer with the electrical properties of a metal. In this regard, we have also 
concentrated our study of electrical conductivity on chemically prepared organo-
inorganic composites that are developed by the incorporation of conducting polymers 
into the matrices of inorganic ion-exchangers of multivalent metal acid salts. 
The properties of composites of such kind are strongly dependent on 
concentration of polymer. Polyaniline and polypyrrole are the conducting polymers, 
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have received a lot of attention in the preparation of composites due to their high 
stability in conducting oxidized form [33,34]. In this chapter, we report the preparation 
of composites of conducting polymers (polyaniline and polypyrrole) and polyvalent 
metal acid salts (Sn(IV) tuugstoarsenate and polj'antimonic acid) by mixing different 
amounts (vol.%) of organic monomers with fixed volume of inorganic precipitates. The 
electrical conductivity behavior of polyaniline Sn(IV) tuugstoarsenate and polypyrrole 
polyantimonic acid composite systems with increasing temperature was measured by 
using 4-in-line-probe DC electrical conductivity measuring instrument. This method is 
the most satisfactoiy method as it overcomes difficulties, which are encountered in 
conventional methods of conductivity measurement (i.e. two probe). The samples of 
polyaniline Sn(IV) tuugstoarsenate and polypyrrole polyantimonic acid showed the 
electrical conductivity in semiconductor region that followed Arrhenius equation for its 
temperature dependence. The energies of activation of electrical conduction (Ea) for the 
composite samples have also been calculated from the slopes of the Arrhenius plots. 
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4.2. EXPERIMENTAL 
4.2.1. Reagents and Chemicals 
The main reagents used for the synthesis were: Stannic chloride (SnC^. 5H2O, 
97.5%, CDH India Ltd.), Sodium arsenate (Na2HAs04.7H20, 98.5%, Loba Chemie 
India Ltd.), Sodium tungstate (Na2W04.2H20, 98%, E-Merck India Ltd.), Potassium 
pyroantimonate (KSb(0H)6, 98.5%, Loba Chemie India Ltd.), Aniline (C6H5NH2, 99Vo, 
Qualigens India Ltd.), Pyrrole (C4H4NH, 98%, E-Merck India Ltd.), Potassium 
persulphate (KsSjOg, 98%, CDH India Ltd.), Carbon tetra chloride (CCI4, 99%, CDH 
India Ltd.), Ferric chloride (FeCls, 96%, CDH India Ltd.) and Hydrochloric acid (HCl, 
35?/o, E-Merck India Ltd.). All other reagents and chemicals were of analytical reagent 
grade. 
4.2.2. Instrumentation 
Q A four-in-line probe electrical conductivity measuring instrument - Scientific 
Equipment (Roorkee, India); was used for measuring DC electrical conductivity. 
a A hydraulic pressure instrument was used for making pellets of sample 
materials. 
a An electronic balance (digital) - Sartorius (Japan), model 21 OS. 
a A mortar pastel 
a A micrometer having least count 0.01 mm. 
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4.2.3. Preparation of the Reagent Solution 
Decimolar solution of sodium arsenate and sodium tungstate were prepared in 
demineralized water (doubly distilled) while decimolar solution of stannic chloride was 
prepared in 4 M HCl. 0.1 mole of potassium pyroantimonate solution was prepared in 
5.8 M HCl. Solutions of 2% to 20% (vol.%) doubly distilled aniline (CgHsNHj) and 0.1 
M potassium persulphate (K2S2O8) were prepared in 1 M HCl. Pyrrole solutions of 
6.67% to 40% (vol.%) were prepared in CCI4 and 0.1 M FeCls solution was prepared in 
DMW. 
4.2.4. Preparation of Polyaniline Sn(IV) tungstoarsenate and Polypyrrole 
Polyantimonic Acid 
A number of samples of 'polyaniline Sn(IV) tungstoarsenate' and 'polypyrrole 
polyantimonic acid' were prepared using the method described in Chapter - 2, Section 
- 2.2.3. by mixing different concentrations (vol.%) of aniline (2% to 20%)) and pyrrole 
(approximately 6.67% to 40%) monomers into fixed volume of inorganic precipitates 
of Sn(IV) tungstoarsenate and polyantimonic acid, respectively; as given in Table 4.1 
and 4.2. 
4.2.5. Electrical Conductivity Behavior 
The measurements of electrical conductivities were carried out on various 
samples of polyaniline Sn(IV) tungstoarsenate and polypyrrole polyantimonic acid 
composites. 
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4.2.5.1. Treatment with HCl Solution (acidic doping) 
Polyaniline Sn(IV) tungstoarsenate and polypyrrole polyantimonic acid 
composite materials were treated with 0.5 M aqueous solution of HCl. The materials 
were washed for excess HCl with doubly distilled water repeatedly till the filtrate gave 
negative test for hydrogen ions. Then the samples were dried at 50 °C in the oven for 
48 hours. 
4.2.5.2. Sample (pellet) Preparation 
The dried sample materials were finely ground in a mortar pastel and then taken 
into a die with spatula. The pellets of different sample materials for electrical 
conductivity measurement were made at room temperature with the help of a hydraulic 
pressure instrument, at 25 KN pressure for 20 minutes for polyaniline Sn(IV) 
tungstoarsenate composite samples, and at 35 KN pressure for 30 minutes for 
polypyrrole polyantimonic acid composite samples. Thickness of each sample was 
measured by a micrometer at five different points and the average thickness was taken 
as the thickness of the pellet sample. 
4.2.5.3. Electrical Conductivity Measurements 
Four-probe DC electrical conductivity measurements with increasing 
temperature (between 35 °C to 200 °C) for the composite samples were performed on 
pressed pellets by using a 4-in-line-probe DC electrical conductivity-measuring 
instrument. The sample to be tested is placed on the base plate of four-probe 
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arrangement and the probes allowed to rest in the middle of the sample. A very gentle 
pressure is applied on the probes and then it was tightened in this position so as to 
avoid piercing of the probes into the samples. The an'angement was placed in the oven. 
The cuiTent was passed through the two outer probes and the floating potential across 
the inner pair of probes was measured. The oven supply is then switched on, the 
temperature was allowed to increase gradually with current, and voltage was recorded 
with rise in temperature. 
4.2.5.4. Thermal Stability of Composites in terms of DC Electrical Conductivity 
Retention 
4.2.5.4.1. Isothermal technique 
The thermal stabilities of composite samples in terms of DC electrical 
conductivity retention were studied under isothermal condition using 4-in-line DC 
electrical conductivity measuring instrument. This study was carried out at 50, 70, 90, 
110, 130 and 150 °C on the selected composites (PS-5 and PA-10, HCl treated). The 
electrical conductivity measurements were done at an interval of 15 minutes. 
4.2.5.4.2. Cyclic technique 
The thermal stabilities of the composites in terms of electrical conductivity 
retention were also studied by repeatedly measuring 4-in-Iine probe DC electrical 
conductivity on pressed pellets of composite samples (PS-5 and PA-10, HCl treated) 
with increasing temperature from 35 °C to 200 °C. The measurements were repeated in 
this temperature range for 5 times at an interval of one hour. 
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4.2.5,5. Environmental Stability of the Conductivity of Composites 
The stability of composite materials (PS-5 and PA-10, HCl treated) in terms of 
electrical conductivity retention was studied by repeatedly measuring 4-in-line probe 
DC electrical conductivity at room temperature on pressed pellets at an interval of five 
days by short-term exposure to laboratory air. 
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4.3. RESULTS AND DISCUSSION 
When one or more materials (for example: insulating polymers, organic 
molecules, metal powder, inorganic compounds, etc.) are combined with electrically 
conducting polymer matrix to produce a new conducting material with different 
physical, mechanical, thermal and electrical properties. In this chapter, various samples 
of novel 'organic-inorganic' composite materials were developed by incorporating 
polyaniline and polypyrrole into inorganic matrices of Sn(IV) tungstoarsenate and 
polyantimonic acid, respectively; i.e. by mixing different concentrations (vol.%) of 
organic monomers into the fixed volume of inorganic precipitates. Among the samples 
of both the composites, sample PS-5 (Table 4.1) and sample PA-10 (Table 4.2) were 
chosen for detail electrical conductivity studies. 
These composite materials contain two components viz. inorganic and organic. 
The inorganic component is an efficient ion-exchange material whereas organic 
component, polyaniline or polypyrrole, is a good electronically conducting polymer. 
The DC electrical conductivity of the composite is due the presence of sufficient 
amount of the conducting polymer. The either component is not a traditional ionic 
conductor. The ionic mobility in either component under extremely dry conditions is 
very low and negligible, including the protonic mobility of the components as the 
measurements were done on dried material pressed in the form of pellets. Therefore, 
the DC electrical conductivity of the composite ion-exchange material is due to 
electronic conduction contributed by the conducting component, polyaniline or 
polypyrrole, present in sufficient amount. 
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4.3.1. Electrical Conductivity Measurements 
Electrical conductivities of the compressed pellets of composite samples were 
detemiined from the measurement of conductivity of the samples using the four-probe 
method of conductivity measurement for semiconductors. This method is the most 
satisfactory method as it overcomes difficulties, which are encountered in conventional 
methods of conductivity measurement {i.e. two probe), e.g. the rectifying nature of 
metal-semiconductor contacts and the injection of minority carriers by one of the 
current carrying contacts, which affects the potential of other contacts and modulate the 
conductance of the material etc. It also pennits, measurement of conductivity in 
samples having wide variet)' of shapes. In order to use the four-probe method it is 
necessary to make the following assumptions: 
> The conductivity of the material is uniform within the area of measurements. If 
there is minority canier injection into the material to be tested by the current 
carrying electrodes, most of the carriers recombine near the electrodes so that 
their effect on the conductivity is negligible. 
> The surface on which the probe rest is flat with no surface leakage. 
> The four-probe used for conducting measurement must contact the surface at 
points that lie in a straight line. 
> The diameter of the contact between the metallic probes and the material should 
be smaller than the distance between the probes. 
> The surfaces of the materials may be either conducting or non-conducting. 
> A conducting boundary is one in which the bottom surface of the material to be 
tested is of much higher conductivity than that of the material itself. This could 
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be achieved by copper plating on the bottom surface of the semiconductor slice. 
> A non-conducting boundary is produced when the bottom surface of the material 
to be tested is in contact with an insulator such as poly tetrafluoroethylene in 
these measurements. 
After the measurements of current-voltage data from the instrument, the 
electrical conductivity of the solid samples can be calculated using the following 
equation: 
G = G7(W/S)/c7o 4.1 
where a is the electrical conductivity in S cm"', GjflV/S) is the correction factor used in 
case of non-conducting bottom surface and it is a fiinction of W, thickness of the 
sample under test (cm) and S, probe spacing (cm); i.e., 
Gj (W/S) = (2S/W) logel 4.2 
and <7o =I/(VX InS) 4.3 
where / i s the current (A) and Vis the voltage (V). 
Although the electrical conductivity measurements were done in the ambient 
conditions, the composite samples were thoroughly dried before making pellets and 
electrical conductivity measurements. So the contribution of protonic conductivity in 
total electrical conductivity due to the presence of moisture may be minimal and may 
not be taken into consideration. 
The current-voltage data so generated at increasing temperatures for the 
determination of electrical conductivity of polyaniline Sn(IV) tungstoarsenate and 
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polypyrrole polyantimonic acid composite samples were processed for calculation of 
electrical conductivity using the equation (4.1). 
Controlling the doping process (i.e. treatment with aqueous solution of HCl) the 
electrical conductivity of these materials could be varied from insulator, through 
semiconductor to metal range and vice versa. The temperature dependence of electrical 
conductivity of as prepared and HCl treated composites were measured by raising 
temperatures. The variations of electrical conductivity (CT) of polyaniline Sn(IV) 
tungstoarsenate and polypyrrole polyantimonic acid composite samples, prepared with 
10% aniline (PS-5) and 33.33% pyrrole (PA-10) concentration (vol.%); respectively, 
with increasing temperature (between 35 °C to 200 °C) were carried out and are 
represented in Table 4.3. On examination, it was observed that the electrical conductivity 
of the samples increased with the increase in temperature and the values lie in the order 
of 10'^  to 10"^  S cm'' for polyaniline Sn(IV) tungstoarsenate and 10"^  to lO""* S cm"' for 
polypyn-ole polyantimonic acid, i.e. in the semiconductor region. To deteiTnine the 
nature of dependence of electrical conductivity on temperature plots of log a versus 
lOOO/T (K) were drawn (Fig. 4.1 and 4.2) and they followed Arrhenius equation similar 
to other semiconductors [35]. The energies of activation of electrical conduction for the 
composite samples (as prepared and HCl treated) calculated from the slopes of the 
Arrhenius plots were 0.13 and 0.12 eV, respectively for PS-5; and 0.055 and 0.062 eV, 
respectively for PA-10. 
These composite materials were also treated with 0.5 M NaCl, KCl, LiCl and 
CaClz solutions, and electrical conductivity measurements were carried out on these 
different forms (Na"^ , K"^ , Li"^ , Ca^ "^ ) of materials. Among them, the samples treated with 
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Table 4.3 
Temperature dependence of DC electrical conductivity of polyaniline Sn(IV) 
tungstoarsenate (PS-5) and polypyrrole polyantimonic acid (PA-10) composites 
Temp. 
(°C) 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
Temp. 
(1/KxlO"^) 
3.2467 
3.1948 
3.1446 
3.0959 
3.0487 
3.0030 
2.9585 
2.9154 
2.8735 
2.8328 
2.7932 
2.7548 
2.7173 
2.6808 
2.6455 
2.6109 
2.5773 
2.5445 
2.5125 
2.4813 
2.4509 
2.4213 
2.3923 
2.3640 
2.3364 
2.3094 
2.2831 
2.2573 
2.2321 
2.2075 
2.1834 
2.1598 
2.1368 
2.1142 
Polyaniline Sn(lV) 
tungstoarsenate 
(sample PS-5) 
a (S cm'') 
(as 
prepared) 
3.80x10"^ 
3.98x10-^ 
4.37x10"^ 
4.68 X 10-^  
4.90x10"^ 
5.14x10-^ 
5.69x10-^ 
7.09x10-^ 
7.50x10"^ 
8.08x10-^ 
8.55x10"^ 
9.12x10-^ 
9.60x10-^ 
1.02x10"^ 
1.08x10"^ 
1.13x10-2 
1.21x10-2 
1.27x10-2 
1.34x10-2 
1.35x10-2 
1.42x10-2 
1.51x10-2 
1.70x10-2 
1.81 x 10-2 
1.89x10-2 
2.02x10-2 
2.10x10-2 
2.19x10-2 
2.28x10-2 
2.39x10-2 
2.47x10-2 
2.52x10-2 
2.57x10-2 
2.65 x 10-2 
(HCI 
treated) 
4.40x10-^ 
4.74x10-^ 
5.10x10-^ 
5.50x10-^ 
5.99 X 10-^  
6.41 X 10-^  
6.94x10"^ 
7.46x10-^ 
8.07x10-^ 
8.85x10'^ 
9.35x10-^ 
1.01x10-2 
1.08x10-2 
1.15x10-2 
1.22x10-2 
1.32x10-2 
1.39x10-2 
1.47x10-2 
1.56x10-2 
1.64x10-2 
1.72x10-2 
1.82x10-2 
1.89x10-2 
1.96x10-2 
2.04x10-2 
2.13x10-2 
2.17x10-2 
2.27x10-2 
2.38x10-2 
2.44x10-2 
2.56x10-2 
2.63 X 10-2 
2.70x10-2 
2.78 X 10-2 
Polypyrrole potyantimonic 
acid (sample PA-10) 
a (S cm-') 
(as 
prepared) 
6.46x10-' 
6.48x10-^ 
6.50 X 10'^  
6.51x10-' 
6.53x10-^ 
6.54x10-^ 
6.56x10"^ 
6.60x10-' 
6.62 X 10-^  
6.71x10-^ 
6.71 X 10-^  
6.81 X 10-^  
7.11x10-^ 
7.20x10-^ 
7.38x10-' 
7.74x10"' 
8.06x10"^ 
8.17x10"^ 
8.20x10-^ 
8.36x10-^ 
8.48 X 10-^  
8.58 X 10-' 
9.36x10-^ 
9.70x10-^ 
9.96x10"^ 
1.07x10-^ 
1.09x10"^ 
1.11 X 10"^  
1.16x10-^ 
1.22x10"^ 
1.29x10-^ 
1.36x10-^ 
1.47x10-^ 
1.60x10-^ 
(HCI 
treated) 
7.36x10-' 
7.40x10-' 
7.42x10-' 
7.44x10-^ 
7.45x10'' 
7.47x10-' 
7.48x10-^ 
7.53x10-' 
7.82x10'^ 
7.84x10'^ 
7.85x10'^ 
7.92x10-' 
7.98x10-^ 
8.08 X 10-^  
8.09x10-^ 
8.12x10-' 
8.14x10'^ 
8.23 X 10'^  
8.30x10-' 
8.39x10"' 
8.58x10-' 
8.66x10-^ 
9.56x10-' 
1.01x10-^ 
1.15x10'^ 
1.27x10"^ 
1.33x10"^ 
1.41x10-^ 
1.53x10-^ 
1.66x10"^ 
1.77x10"'' 
1.85x10"^ 
1.95 xlO-'' 
2.06 xlO-'' 
283 
m 
<N 
en 
fl) 
•+-t 
0) 
-•—' 
o 
± 
D 
ro 
0) 
1 -
o (n 
m 
< 
H 
o o o 
n3 
cd 
• l -H 
O 
O 
o 
D 
<u 
i-t 
O 
C 
3 
> 
-<H-
VO 00 (N 
(N (N 
I 
( mo s ) X;TAipnpuoD JO §0 | 
284 
(N 
en 
^ 
O 
O 
o 
00 
<N 
B 
O 
a 
o o 
o 
o 
'o 
a, 
c2 
E3H 
( mo s) XjiAipnpuoo jo §oj 
285 
CaClj solution showed the higher electrical conductivity at room temperature as given 
in Table 4.4. 
The dependence of the electrical conductivity through the bi-phasic 
(inhomogeneous) systems (polyaniline Sn(IV) tungstoarsenate and polypyrrole 
polyantimonic acid composites; prepared with different concentrations of polyaniline 
and pyrrole monomers) on the concentration of conducting phase {i.e. polyaniline or 
polypyrrole) was examined. A slight increase in electrical conductivity for the 
composites is followed at a certain polyaniline or pyrrole concentration by a sudden 
jump, which is again followed by moderate increase (Fig. 4.3 and 4.4). At critical 
concentration of conducting phase (about 8% for aniline and 27% for pyrrole), this 
sharp rise in electrical conductivity is observed that could possibly be explained on the 
basis of percolation theory [36]. 
The main factor that made the composites electrically conductive is the presence 
of polyaniline or polypyrrole in sufficient amount. Thus major part of electrical 
conductivity of the composite is due to the incorporation of polyaniline or polypyrrole 
in the composites. It was also observed that the ambient temperature conductivities of 
the composites for some concentrations of aniline and pyrrole monomers are greater 
than that of polyaniline and polypyrrole as shown in Table 4.5 and 4.6. 
Four probe DC electrical conductivities for the composite samples (both HCl 
treated and as prepared) prepared in Chapter - 2 (Table 2.1 and Table 2.2) were also 
measured. It was observed in some samples that electrical conductivity increased 
linearly and attained a maximum and then dropped sharply. The temperature at which 
this change occurs has been termed as reversal temperature, i.e. the temperature at 
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Table 4.4 
Four-probe DC electrical conductivity of different forms of polyaniline Sn(IV) 
tungstoarsenate and polypyrrole polyantimonic acid composite systems at 
ambient temperature (prepared with 10% aniline and 33.33% pyiTole 
monomers, respectively) 
Sample 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
Different fonn of 
composites 
As prepared 
HCl treated 
NaCl treated 
KCl treated 
LiCl treated 
CaCl2 treated 
Ambient temperatui 
conductivity (S cm"' 
Polyaniline Sn(IV) 
tungstoarsenate 
3.81X 10"^  
4.40 X 10"^  
6.73 X 10-^  
4.40 X 10"^  
6.24 X 10-^  
4.06 X 10-^  
•e DC electrical 
') 
Polypyrrole 
polyantimonic 
acid 
6.43 X 10"^  
7.33 X 10'^  
6.95 X 10-^  
6.70 X 10"^  
7.19x10"^ 
5.31x10"^ 
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Fig, 4.3. Variation of conductivity for the poiyaniiine Sn(IV) tungstoarsenate 
composites (HCl treated) with concentration of aniline. 
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Fig. 4.4. Variation of conductivity for the polypyrrole polyantimonic acid composites 
(HCl treated) with concentration of pyrrole monomer. 
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which the nature of the variation of conductivity with temperature gets completely 
reversed. This reversion behavior in conducting composites may be explained on the 
basis of semiconductor to metal transition, glass to rubber transition and phase 
separation. The electrical conducti^'ities were also found varied because of the different 
mixing ratios of the primary' constituents. 
4.3.2. Stability of Composites in terms of DC Electrical Conductivity 
Retention 
The factors that influence the stability of the conductivity of composites are of 
considerable interest, both from fundamental and industrial perspectives. However, the 
stabilities of the composites were dependent on the preparation conditions employed. 
HCI treated composite samples PS-5 and PA-10 were selected to study the 
stability of electrical conductivity under isothermal condition at 50, 70, 90, 110, 130 and 
150 "C. The temperature of the composite pellets was maintained at the temperature of 
study and the DC electrical conductivity was measured at an interval of 15 minutes in 
an accelerated ageing experiment. The electrical conductivity measured with respect to 
the time of accelerated ageing is presented in Fig. 4.5 and 4.6. For both the composites, 
it was observed that the electrical conductivity is quite stable at 50, 70, 90 and 110 °C 
that support the fact that the DC electrical conductivity of the composites is sufficiently stable 
under ambient temperature conditions. The electrical conductivity decreases with time at 130 
and 150 °C that may be attributed to the loss of dopant and the chemical reaction of dopant 
with material. 
The stabilities of the composite materials, polyaniline Sn(IV) tungstoarsenate 
and polypyrrole polyantimonic acid (HCI treated), in ternis of electrical conductivity 
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retention were monitored for 5 cycles by repeatedly measuring linear four-probe DC 
electrical conductivity with increase in temperature at an interval of one hour and the 
DC conductivity for each heating cycle were plotted as log a versus 1000/T (K) as 
shown in Fig. 4.7 and 4.8. It was observed that each plot followed the Arrhenius 
equation for its temperature dependence. There was minor difference in their electrical 
conductivity even after repeating the experiment for five times that showed the good 
stability of the materials during heating-cooling cycles under oxidizing conditions up to 
200 °C. 
These composites were also observed to be stable materials, i.e. the room 
temperature conductivities are negligibly affected by short-term exposure to laboratory 
air as evident from Fig. 4.9 and 4.10. The materials of these types may often exhibit an 
increase in conductivity upon short-term exposure to oxygen, which is attributed to the 
formation of a charge transfer complex with oxygen and may involve O '. Presumably, 
electron transfer from the polymer moiet>' to oxygen occurs, resulting in an increased 
extent of oxidation of the polymer chain. Thus short-term exposure to oxygen may 
increase the conductivity of the material by increasing the concentration of charge 
carriers. Oxygen can also produce a decrease in the conductivity of the material 
through a destructive reaction; e.g. exposure of the composite to oxygen results in a 
decrease in the conductivity due to an irreversible reaction that is believed to generate 
covalently bonded oxygen species. Axially bound water is also responsible for part of 
the conductivity loss during the ageing of the material 
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Chapter 5 
Preparation and Characterization of Polyaniline 
Sn(IV) tungstoarsenate and Polypyrrole 
Polyantimonic Acid Composite Cation-Exchangers 
Based Ion-Exchanger l^ embranes and Ion-
Selective i^ embrane Electrodes 
Chapter 5 
WHtmmmnm^ 
5.1. INTRODUCTION 
Electrochemical sensors have played an important role in ion analysis and the 
development of sensors for the selective detemiination of heaA'y toxic metal elements 
is of prime importance to cope with the advancement of enviromnental pollution 
control technologies. The last few decades have received widespread attention for the 
development of high performance chemical sensors and this has lead to a search for 
suitable materials that could be used for the preparation of sensitive and selective ion-
sensors, chemical sensors or more commonly ion-selective electrodes (ISEs). 
Precipitate based ion-selective membrane electrodes are well known as they are 
successfully employed for the determination of several anions and cations [1]. There 
are some homogeneous as well as heterogeneous hybrid ion-exchange membranes. 
Homogeneous ion-exchange membranes are coherent ion-exchanger gels in the shape 
of disks, ribbons etc. The heterogeneous precipitate ion-exchange membranes consist 
of suitable colloidal ion-exchanger particles as electroactive materials embedded in a 
polymer (inert) binder, i.e., poly(vinyl chloride) (PVC) or epoxy resin (Araldite) or 
polystyrene, polyethylene, nylon, PMMA, etc., have been extensively studied as 
potentiometric sensors [2-20]. The use of'organic-inorganic' composite ion-exchange 
materials formed by the combination of inorganic precipitates and organic polymers 
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as electroactive components in membrane electrodes has generated widespread 
interest in developing new ISEs for sensor applications [21-32], especially for the 
determination of heavy toxic metals. 
Metal toxicity to hum.ans has become a great challenge. Among many toxic 
metals, cadmium is one which shows its toxicity by inhibiting respiration for a-
oxoglutarate and pyruvate [33] and by causing kidney problems, anemia and bone 
marrow disorder [34], but its use as coating material, in pigments, Ni-Cd batteries, 
mining and phosphate fertilizers, drives us to develop an electrode which can estimate 
Cd(II) concentration. As ion-selective electrodes provide rapid, accurate and low cost 
anal)'sis, attempts have been made, during the last two decades, to develop Cd(II) ion-
selective electrodes. Many electrode systems mainly based on Ag2S/CdS mixture [35-
39], other exchange materials [40-43] and ion-selective electrodes [44-47] have been 
reported, but none of these response sufficiently for Cd(II) ions. 
The growing awareness of environmental mercur>' pollution beside agriculture, 
industrial and clinical importance of mercury-containing compounds, has paid for 
more accurate, precise and selective methods for the determination of mercury in 
wide variety of materials or systems. In this connection, various common methods 
have been reported in literature used to measure mercury including 
spectrophotometry, flame and furnace atomic absorption spectrometry, cold vapor 
atomic absorption spectrometry, inductively coupled plasma, fluorimetry, X-ray 
fluorescence, voltametry and potentiometry [48-50]. Recently, composite materials 
are well known as useful materials for the fabrication of various electrometric sensors 
for analytical purposes [51-55]. 
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Therefore, we have also made an effort to develop new and novel composite 
cation-exchange materials through incorporation of electrically conducting organic 
polymers into the matrices of inorganic precipitates of multivalent metal acid salts 
that are attractive for the purpose of creating high performance or high functional 
polymeric materials. Since the newly developed polyaniline Sn(IV) tungstoarsenate 
and polypyrrole polyantimonic acid composite cation-exchange materials are highly 
selective for Cd(II) and Hg(II) ions; respectively (as shown in Chapter-3, Section 
3.2.4.6.), the further research work was earned out to obtain new heterogeneous 
precipitate based membrane ion-selective electrodes by means of these composites as 
electroactive phases for the determination of Cd(II) and Hg(II) ions; respectively, 
present in the solutions. This chapter presents the preparation, characterization and 
fabrication of ion-exchanger membranes and ion-selective membrane electrodes based 
on the aforesaid composite materials. 
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5.2. EXPERIMENTAL 
5.2.1. Reagents and Instruments 
The main reagents used for the synthesis of the material were obtained from 
CDH, Loba Chemie, E-merck and QuaHgens (India Ltd., used as received). All other 
reagents and chemicals were of analytical reagent grade. 
The stock solution of 1 x 10'^  M Cd(II) was prepared by dissolving 3.0848 g of 
cadmium(II) nitrate in 100 ml of DMW. The solution was standardized by 
complexometric (EDTA) titration [56]. The working standard Cd(II) solutions (1 x 
lO- 'Mtolx lO- 'M) were prepared by proper dilution of the stock solution. 
The stock solution of 1 x 10"' M Hg(II) was prepared by dissolving 3.4262 g 
of mercury(II) nitrate in 100 ml of DMW containing 1 ml of HNO3. The solution was 
standardized by EDTA titration method [56]. The working standard Hg(II) solutions 
( I x l O - ' M t o l x l O - ' M ) were prepared by proper dilution of the stock solution. 
A digital pH-meter (Elico LI-10, India), a double beam atomic absorption 
spectrophotometer (GBC 902, Australia), a digital potentiometer (Equiptronics EQ 
609, India; accuracy ± 0.1 mV) with a saturated calomel electrode as reference 
electrode, an electronic balance (digital) - (Sartorius 21 OS, Japan) and an agate 
mortar pastel were used. 
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5.2.2. Preparation of Electroactive Phases: Polyaniline Sn(IV) 
tungstoarsenate and Polypyrrole Polyantimonic Acid Composite 
Cation-Exchangers 
A number of samples of 'polyaniline Sn(IV) tungstoarsenate' and 'polypyrrole 
polyantimonic acid' composite cation-exchange materials were prepared as described 
in Chapter - 2 (Section 2.2.3.). But the samples S-1 (Table 2.1) and A-2 (Table 2.2) 
were chosen as electroactive phases for the potentiometric studies. 
5.2.3. Preparation of Ion-Exchange Membranes 
The ion-exchange membranes were prepared by employing an electroactive 
ion-exchange material into a polymer binder. For this purpose, electroactive 
components polyaniline Sn(IV) tungstoarsenate (S-1) and polypyrrole polyantimonic 
acid (A-2) composite cation-exchange materials were taken to be embedded in 
Araldite (an epoxy resin) and PVC, respectively. 
5.2.3.1. Preparation of Polyaniline Sn(IV) tungstoarsenate Membrane 
The ion-exchange membrane was prepared by following the procedure of 
Coetzee et al. [4]. Polyaniline Sn(IV) tungstoarsenate cation-exchanger (100 mg) was 
ground to fine powder, and was mixed thoroughly with Araldite (Ciba-Geigy, India 
Ltd.) (100 mg) in 1:1 (w/w) ratio to make a homogeneous paste, which was, then 
spread between the folds of Whatman's filter paper No. 42. Glass plates were kept 
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below and above the filter paper folds as support. The phase of the exchanger and 
araldite was kept under pressure of 2 Kg.cm'^  for 24 h and left to dry. A sheet of 
master membrane was prepared; the membrane was then dipped in distilled water to 
remove filter paper. After dr>'ing, the membrane sheet of 0.35 mm thickness was cut 
in the shapes of discs using a sharp edge blade. 
5.2.3.2. Preparation of Polypyrrole Polyantimonic Acid Membrane 
The ion-exchange membrane was prepared by following the method of Craggs 
et al. [57]. The electroactive material polypyrrole polyantimonic acid (0.4 g) was 
ground to fine powder, and was mixed thoroughly with poIy(vinyl chloride) (E-
Merck) solution (0.17 g PVC dissolve in 6 ml THF). The resulting solution was 
carefully cast on a glass slide plate and left for slow evaporation to obtain a thin 
membrane, and a master membrane of 0.31 mm thickness was prepared. 
5.2.4. Chracterization of Membranes [57-60] 
The pre-requisite for understanding the performance of an ion-exchange 
membrane is its complete physico-chemical characterization, which involves the 
determination of all such parameters that affects its electrochemical properties. These 
parameters are porosity, water content, swelling, thickness, electrolytic conductance, 
etc. 
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5.2.4.1. Water Content (% Total Wet Weight) 
The conditional membranes were first soaked in water to elute diffusible salt, 
blotted quickly with Whatman filter paper to remove surface moisture and 
immediately weighed. These were further dried to a constant weight in a vacuum over 
P2O5 for 24 h. The water content (% total wet weight) was calculated as: 
% Total Wet Weight = x 100 ........5.1 
where W^ = weight of the soaked/wet membrane and W^ = weight of the dry 
membrane. 
5.2.4.2. Porosity 
Porosity {s) was determined as the volume of water incorporated in the cavities 
per unit membrane volume from the water content data. 
W^-Wd 
5.2 
AL p^ 
where W^ = weight of the soaked/wet membrane, W^ = weight of the dry membrane, 
A = area of the membrane, L = thickness of the membrane and p^ = density of water. 
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5.2.4.3. Thickness and Swelling 
The thickness of the membrane was measured by taking the average thickness 
of the membrane by using screw gauze. 
Swelling is measured as the difference between the average thicknesses of the 
membrane equilibrated with 1 M NaCl for 24 h and the dry membrane. 
5.2.4.4. Specific Conductance 
For electrical conductance measurements, the membranes were cemented 
between two half cells with 0.1 M NaCl. After equilibration, the NaCl was replaced 
by mercury that was equilibrated previously with NaCl solution. The conductance was 
measured by connecting the platinum electrodes dipped in mercury to the 
conductivity bridge. 
5.2.5. Fabrication of Ion-Selective Membrane Electrodes 
The so obtained thin master membrane was cut in the shape of disc and 
mounted at the lower end of a pyrex glass tube (o.d. 0.8 cm, i.d. 0.6 cm) with 
Araldite. Finally the assembly was allowed to dry in air for 24 h. The glass tube was 
filled with solution of the ion (as internal reference) towards which the membrane is 
selective and kept dipped in an identical solution of the same ion at room temperature. 
In case of polyaniline Sn(IV) tungstoarsenate ion-selective membrane 
electrode, the glass tube was filled with 0.1 M cadmium nitrate solution. A saturated 
calomel electrode (SCE) was inserted in the tube for electrical contact and another 
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saturated calomel electrode was used as external reference electrode. The whole 
arrangement can be shown as: 
Internal 
reference 
electrode (SCE) 
Hg, Hg2Cl2(s) 
KCl (satd.) 
Internal 
electrolyte 
(0.1 MCd "^") 
Membrane Sample solution External 
reference 
electrode (SCE) 
Hg, Hg2Cl2(s) 
KCl (satd.) 
Also, in the case of polypyrrole polyantimonic acid ion-selective membrane 
electrode, the glass tube was filled with 0.1 M mercuric nitrate solution. A saturated 
calomel electrode was inserted in the tube for electrical contact and another saturated 
calomel electrode was used as external reference electrode. The whole arrangement 
can be shown as: 
Internal 
reference 
electrode (SCE) 
Hg, Hg2Cl2(s) 
KCl (satd.) 
Internal 
electrolyte 
(0.1 MHg^^) 
Membrane Sample solution External 
reference 
electrode (SCE) 
Hg, Hg2Cl2(s) 
KCl (satd.) 
In order to study the characteristics of the electrode, the following parameters 
were evaluated: electrode response or membrane potential, low^r detection limit, 
slope response curve, response time and working pH range. 
5.2.5.1. Electrode Response or Membrane Potential 
The potentiometric measurements of the membranes were carried out by 
setting up a cell of the above type. To determine the electrode response, a series of 
standard solutions to be studied of varying concentrations were prepared. External 
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electrode and ion-selective membrane electrode are plugged in digital potentiometer 
and the potentials were recorded. 
In advance of measurements of the electrode potential for a series of standard 
solutions (1 X 10"^M- 1 X 10"' M) of Cd(N03)2 and Hg(N03)2, the membranes of the 
electrodes were conditioned by soaking -
<• in 0.1 M Cd(N03)2 solution for 7 days and for 1 h at least before use for the 
polyaniline SnflV) tungstoarsenate ion-selective membrane electrode and 
• in 0.1 M Hg(N03)2 solution for 5 days and for 1 h at least before use for the 
polypyrrole polyantimonic acid ion-selective membrane electrode. 
The experiments were conducted in air themiostat maintained at 25 + 1 °C, when not 
in use the membrane electrode was removed from the test-solution and kept in a 0.1 
M selective metal ion solution. 
Potential measurements of each electrode were plotted against the selected 
concentrations of the respective ions in aqueous medium using the electrodes 
assembly. The calibration graphs were plotted three times to check the reproducibility 
of the system. 
5.2.5.2. Effect ofpH 
A series of solutions of varying pH in the range of 1 to 13 were prepared, 
keeping the concentration of the relevant ion constant (1 x 10' M and 1 x 10' M). 
The pH variations were brought about the addition of dilute acid (HCl) or dilute alkali 
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(NaOH) solutions. The value of electrode potential at each pH was recorded (Table 
5.1) and plot of electrode potential versus pH was plotted. 
5.2.5.3. Response Time 
The response time is measured by recording the e.m.f. of the electrode as a 
function of time when it is immersed in the solution to be studied. The method of 
determining response time in the present work is being outlined as follows: 
The electrode is usually first dipped in a 1 x 10' M solution of the ion 
concerned and immediately shifted to another solution (pH « 4.0) of 1 x 10" M ion 
concentration of the same ion (10 fold higher concentration). The potential of the 
solution was read at zero second, i.e. just after immediate dipping of the electrode in 
the second solution and subsequently recorded at the intervals of 5 s (Table 5.2). The 
potentials were then plotted against the time. The time during which the potentials 
attain constant value represents the response time of the electrode. 
5.2,5.4. Effect of Non-Aqueous System 
The electrode response studies of our Araldite and PVC based membrane 
electrodes in different non-aqueous media were also carried out. Therefore, the 
partially non-aqueous solutions using organic solvents such as ethanol and acetone 
were prepared for each membrane. Their potentials were measured for a series of 
primary ion concentration to ensure the effect on working concentration range as well 
as its slope. 
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Table 5.1 
Effect of pH on electrode response of Cd'^ "^  ion-selective polyaniline 
Sn(IV) tungstoarsenate and Hg * ion-selective polypyrrole poly 
-antimonic acid membrane electrodes (at 1x10"^ M) 
PH 
Membrane 
electrodes ^ 
1 
2 
2.5 
3 
4 
5 
6 
7 
7.5 
8 
9 
10 
11 
12 
13 
Measured electrode 
Polyaniline Sn(IV) 
tungstoarsenate 
84 
77 
73 
71 
71 
71 
71 
71 
71 
71 
67 
63 
58 
55 
51 
potential {- mV) 
Polypyrrole 
polyantimonic acid 
71 
65 
62 
62 
62 
62 
62 
62 
62 
58 
54 
48 
42 
38 
35 
Table 5.2 
Response of Cd^ "^  ion-selective polyaniline Sn(IV) tungstoarsenate and 
Hg^^ ion-selective polypyrrole polyantimonic acid membrane electrodes 
at different time interval (at 1 x 10"^  M) 
Time (Sec) 
Membrane 
electrodes ^ 
00 
05 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
Measured electrode potential {- mV) 
Polyaniline Sn(lV) 
tungstoarsenate 
95 
89 
85 
81 
76 
71 
71 
71 
71 
71 
71 
71 
71 
Polypyrrole 
polyantimonic acid 
89 
84 
80 
74 
71 
65 
62 
62 
62 
62 
62 
62 
62 
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5.2.5.5. Effect of Surfactant 
The primary ion solutions of various concentrations were prepared in different 
concentrations (i x 10'^  M to 1 x 10"' M) of detergent, e.g. Na-laur}'l sulfate, and 
electrode potentials were measured. The effect of Nemstian behavior of the 
membrane electrode was studied for each chemical sensor. The calibration plot is 
plotted in each case and the slope of the curve is compared with the aqueous system. 
5.2.5.6. Selectivity Coefficients 
To study the cationic interference due to other ions, the selectivity coefficients 
of various interfering cations for the ion-selective membrane electrodes were 
determined by the mixed solution method as discussed elsewhere [61]. The method is 
realized as follows: 
A beaker of constant volume contains a mixed solution having a fixed 
concentration of interfering ion (M""^  (1 x lO'^ ^M) and varying concentrations (1 x 10'' to 
1 X 10"^  M) of the primary ion. Now the potential measurements were made using the 
membrane electrode assemblies. 
5.2.5.7. Life Span of Membrane 
In order to find out the lifetime of the electrode, the electrode responses were 
noted every week and response curve is drawn for the data. Usually at the initial 
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period some changes in the response are noted vis-a-vis the slope of the response 
curve but after the week or so, the electrode response remains fairly constant over a 
period of time. After this period the electrode starts behaving erratic, therefore cannot 
be used for any measurem.ents. This period over which the electrode response is 
constant can be termed as life of electrode. 
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5.3. RESULTS AND DISCUSSION 
Heterogeneous 'organic-inorganic' composite ion-exchange membranes of 
poly aniline Sn(IV) tungstoarsenate and polypyn'oie poiyantimonic acid were prepared 
by embedding these composite cation-exchangers as electroactive materials in 
polymer binders of Araldite and PVC, respectively. These inert polymer binders are 
found to be effective matrix materials for providing membranes of liquid ion-
exchangers and carrier complexes for use in ion-selective membrane electrodes. They 
provide sufficient mechanical strength for the membranes to be used in electrodes 
without a strengthening support. They are simple and economical in use while their 
range of applications is typical of ion-selective electrodes and extend to the direct 
determination of activity with the aid of calibration graphs, continuous monitoring 
and potentiometric titrations. Use of PVC and Araldite matrix membranes is not by 
any means restricted to ion-selective electrodes, and the simple fabrication can easily 
put their selectivity to wider service in selective extraction and even for the transport 
of ions against their concentration gradients. 
5.3.1. Characterization of Composite Cation-Exchanger Membranes 
It is well known that the sensitivity and selectivity of the ion-selective 
electrodes depend not only on the nature of electroactive material used, but also 
significantly on the membrane composition and the physico-chemical properties of 
the membranes employed. A number of samples for both the polyaniline Sn(IV) 
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tungstoarsenate and polypyrrole polyantimonic acid membranes were prepared with 
different amounts of Araldite and PVC, respectively and checked for the mechanical 
stability, surface uniformity, material distribution, cracks and thickness, etc. But the 
membranes obtained with 50% Araldite and 30% PVC {w/w) were found to be good, 
and show the best mechanical stabilit}' as well as electro-chemical performance. 
Characterizations of the sensor membranes are essential to correlate with the 
movement of ions in the membrane phase, potential generated across it and the 
selectivity of ions of interest. So, it is necessar}' to have a preliminary investigation 
with the membranes that must exhibit some promising selectivity for particular metal 
ions. Thus, the thickness, swelling, porosity, water content capacity and specific 
conductivity of the polyaniline Sn(IV) tungstoarsenate and polypyiTole polyantimonic 
acid membranes were investigated and the results are summarized in Table 5.3. When 
a membrane is immersed in a salt solution, swelling takes place and the solution 
penetrates into the membrane structure. The swelling should also be small for a 
membrane to exhibit good electrochemical performance. The data in Table 5.3 show 
that thickness increases as the swelling decreases. The porosity of the membrane is 
found to be the same order of the water content. Generally, an ideal membrane should 
have less thickness with moderate swelling, porosity and water content. Thus, the low 
order of water content, swelling and porosity with less thickness of these composite 
cation-exchanger membranes suggest that interstices are negligible and diffusion 
across the membrane would occur mainly through the exchange sites. 
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5.3.2. Potentiometric Studies of Heterogeneous Polyaniline Sn(IV) 
tungstoarsenate Membrane Electrode 
The prepared membrane of polyaniline Sn(IV) tungstoarsenate was fabricated 
into ion-selective electrode and the membrane electrode was placed in 0.1 M 
Cd(N03)2 solution for 7 days to get it conditioned. The choice of Cd^ "^  ions depends 
on its distribution behavior pattern. The potentials of the cell were measured in 
contact with varying Cd ion concentration in test solutions in the range 1.0 x 10' -
I 9-1-
1.0 X 10" M, maintaining a fixed concentration of Cd ion as internal reference 
solution. The optimum concentration of reference solution, for smooth functioning of 
the proposed membrane sensor, is 0.1 M. The potentials observed are plotted against 
Cd^ "^  concentration (Fig. 5.1) and gives linear response in the range of 1 x lO"'* to 1 x 
10"' M. Suitable concentrations were chosen corresponding to the sloping portion of 
the linear curve for the measurement of potentials. The slope of this linear curve is 
important and tells whether the electrode response follows the Nemstian response or 
not. The limit of detection, is determined from the intersection of the two extrapolated 
segments of the calibration graph [62] was found to be 1 x lO""* M, and thus the 
working concentration range is found to be 1 x lO'"* M to 1x10"' M for Cd^ "^  ions with 
a slope of 27 mV per decade change in Cd(II) ion concentration which is close to 
Nemstian value. According to the Nemstian equation, the slope must be 29.6 
mV/decade concentration change for divalent cations; hence the slope value is sub-
Nemstain. Below 1 x 10''* M, a non linear response was observed but the calibration 
curve could be utilized for the determination of Cd(II) down to 1 x 10""* M. 
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The effect of pH on the potential response of Cd'" selective electrode was 
studied by changing the pH of test solution with HCl and NaOH solution. This effect 
was studied at 1.0 x 10'" M and 1 x 10"^  M of Cd""^  ions. The results (values of 
electrode potential at each pH) for 1.0 x 10"" M Cd"'^  ion solutions were recorded 
(Table 5.1) and plot of electrode potential versus pH was plotted as shown in Fig. 5.2. 
It is observed that that potential is not affected by the pH in the range 3 to 9 over the 
selected Cd^^ ion concentrations. Hence, it is ascertained from the plot that the pH 
range in which the electrode potential remains constant may be taken as working pH 
range of the electrode. The sharp change in potentials at lower pH values (< 3) 
appears to be due to interference caused by H^ ions (co-fluxing of H^ ions), while at 
higher pH values (> 9) it may be attributed to the interference of OH" ions (hydrolysis 
of Cd(II)) [63]. 
Another important factor besides linear response that commends the use of 
ISEs or membrane electrode is the promptness of the response of the electrode. The 
average response time is defined [64] as the time required for the electrode to reach a 
stable potential within ±1 mV of the final equilibrium value, after successive 
immersion of the electrode in different Cd^ ^ solutions each having a 10-fold 
difference in concentration. However, the interpretation of response time varies from 
a group of workers to others. Pungor et al. [65-67] have discussed this aspect in 
details. The response time in contact with 1.0 x 10"^  M Cd^ "^  ion solution was 
determined (Table 5.2) for the membrane electrode and the results are shown in Fig. 
5.3. It is observed that the static response time of the membrane sensor is found to be 
~ 25 s. Besides this, the potentials generated across the membrane were reproducible 
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and day-to-day reproducibility of the sensor is about ± 0.5 mF for the same solution. 
The membrane could be successfully used over a period of 3 months without any 
appreciable drift in potential during which the potential slope is reproducible to within 
± \ mV per concentration decade. Whenever a drift in potential was observed, the 
membrane was re-equilibrated with 0.1 M Cd(N03)2 solution for 3-4 days. 
The performance of this electrode assembly was also investigated in partially 
non- aqueous media using acetone-water and ethanol-water mixtures (5-30% v/v). 
The calibration plot was plotted in each case and the slope of the curve was compared 
with the aqueous system. It was revealed that the electrode assembly works 
satisfactorily up to a 20% (v/v) acetonic and 15% (v/v) ethanolic solution. In these 
mixtures, the working concentration range and slope remain almost the same (Table 
5.4), but the matrix swelled continuously in higher proportions of acetone and ethanol 
and electrodes do not work satisfactoiy as working concentration range and slope 
appreciably decreased. Further, the stability and lifetime of the electrode did not 
change appreciably, even in the above non-aqueous media. 
The performance of the electrode assembly was also observed in solutions 
contaminated with detergent matter. In routine way the effect of surfactant, i.e. Na-
lauryl sulfate on slope value was studied and it was found that small amounts (1x10'^ 
M to 1 X 10'"' M) of the detergent did not disturb the functioning of the membrane 
sensor, but above the concentration of 1 x 10" Ma divergence in slope was observed 
(Table 5.5) causing some problems. 
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Table 5.4 
Effect of non-aqueous solvents on calibration curve of Cd^ -^ selective 
polyaniline Sn(IV) tungstoarsenate-araldite membrane electrode 
Solvent 
Water 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Composition 
(%) 
-
5 
10 
15 
20 
25 
30 
5 
10 
15 
20 
25 
(v/v) Slope 
(mV per decade 
concentration change) 
27.0 
27.0 
27.0 
26.5 
26.2 
24.5 
23.0 
27.0 
26.5 
26.0 
24.0 
22.5 
Detection 
limit 
(M) 
1 X 10-" 
1 X 10-' 
5? 
•>•> 
9 ! 
1 X 10"^  
?? 
1 X 10-' 
55 
?9 
1 X 10"^ 
?? 
Table 5.5 
Effect of different concentrations of surfactant (Na-lauryl sulfate) 
9-4-
solutions on calibration curve of Cd - selective polyaniline Sn(IV) 
tungstoarsenate-araldite membrane electrode 
Na-lauryl sulfate 
solutions 
(M) 
1 X 10-' 
1 X 10-^  
1 X 10-' 
1 X 10'^  
1 X 10-^  
1 X 10-' 
Slope 
(mV per decade 
concentration change) 
27.0 
27.0 
26.8 
26.3 
24.9 
23.5 
Detection 
limit 
(M) 
1 X 10-' 
95 
5 ! 
; ? 
1 X 10-^  
55 
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In order to examine the selectivit}' of this membrane electrode, its response 
was examined with other metal ions. The selectivity coefficient indicates the extent to 
which a foreign ion Q/t^) interferes with the response of the electrode towards its 
primaiy ion (Cd^ "*^ ). The selectivit}' coefficients, K j^L of various interfering cations 
for the Cd(II) ion-selective polyaniline Sn(IV) tungstoarsenate electrode were 
determined by the most widely used lUPAC recommended Fixed Interference Method 
[61]. The values of selectivity coefficients obtained by measuring the e.m.f in 
solution containing a fixed quantity of the interfering ion (1.0 x 10'^  M) and a varying 
activity of primary ion for which the electrode is selective. A value for the selectivity 
coefficient that is close to 1 suggests that sensor is almost equally sensitive to the 
interfering ion as to the primary ion. A value greater than 1 says the sensor prefers the 
interfering ion and that it would strongly interfere with the primaiy ion. A perusal of 
selectivity coefficient data presented in Table 5.6 and also graphically shown in Fig. 
5.4 reveal that all the foreign metal ions interfere with the response of the electrode 
towards its primary ion (Cd ) at a lower extent. Thus, these ions would not cause any 
significant interference in the determination of Cd^ ^ in sample solutions. 
5.3.3. Potentiometric Studies of Heterogeneous Polypyrrole 
Polyantimonic Acid Membrane Electrode 
The prepared membrane of polypyrrole polyantimonic acid was fabricated into 
ion-selective electrode and was equilibrated with 0.1 M Hg(N03)2 solution to get it 
conditioned before starting any potential studies. It was found that equilibration time 
of 5 days was optimum as the equilibrated membranes gave reproducible potentials 
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Table 5.6 
Selectivity coefficient values (KC°M) for Cd (II)- selective 
polyaniline Sn(IV) tungstoarsenate-araldite membrane 
electrode for cadmium ions 
Interfering ions Selectivity coefficients by fixed 
(Af*) interference method (at 1x10'^ M) 
Na^ 
r 
Mg^^ 
Ca^" 
Sr^ " 
Cu^" 
Mn^" 
Zn^^ 
Pb^^ 
Hg^^ 
Al^ ^ 
Fe^^ 
0.02 
0.03 
0.02 
0.06 
0.08 
0.09 
0.03 
0.04 
0.18 
0.07 
0.04 
0.05 
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and no drift in potentials was observed. The choice of Hg^^ ions depends on its 
distribution behavior pattern. The potentials of the cell were measured with a fixed 
concentration (0.1 M) of Hg"^  as internal solution and var>'ing the Hg^ "^  concentration 
in test solutions in the range of 1.0 x 10''' - 1.0 x 10"' M. The potentials obsei-ved are 
plotted against Hg concentration (Fig. 5.5) and gives linear response in the given 
range of 1 x 10'' M to 1 x 10"^  M with a slope of 29 mV per decade change in Hg(II) 
ion concentration and below 1 x 10'^  M, a non-linear response was obsen'ed. The 
slope value is ver}' close to Nemstian value (i.e. 29.6 mV/decade concentration 
change for divalent cations) and hence the potentiometric sensor may said to be 
behaving in a Nemstian or close to Nemstian fashion. From the graph, it can be 
observed that the response curve is linear down to a particular concentration after 
which the curve tends to become parallel to the X-axis. The limit of detection, is 
determined from the intersection of the two extrapolated segments of the calibration 
graph was found to be 1 x 10'^  M and thus the working concentration range is found 
to be 1 x 10'^  M to 1x10'' M for Hg^^ ions. 
The effect of pH on the potential response of Hg '^^ -selective electrode was 
studied by changing the pH of the test solution with HCl and NaOH. This effect was 
studied for the Hg ion concentration of 1.0 x 10"" M. The results are shown in Table 
5.1. ft is seen from the Fig. 5.6 that the potential is not affected by pH in the range 
2.5-7.5. Thus, the electrode can be used in this pH range. The sharp change in 
potential at lower pH values (<2.5) appears to be due to interference caused by H^ 
ions, while at higher pH values (>7.5) it may be attributed to the interference of OH' 
ions. 
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log [Hgn 
Fig. 5.5. Calibration curve of polypyrrole polyantimonic acid-PVC membrane 
electrode. 
328 
The required time taken by the electrode assembly to attain a stable potential 
{i.e. to attain equilibrium value within ± 1 mV after a ten-fold increase or decrease in 
the concentration of the test-solution) is taken as the static response time. After the 
optimum equilibration time for the membrane sensor, it would generate stable 
potentials when placed in contact with Hg~ solutions. The static response time thus 
obtained was 30 sec for the Hg^ "^  ion concentration of 1.0 x 10"^  M (Table 5.2) (Fig. 
5.7). The same response time was obtained whether the measurements were made 
from low to high concentration or vice versa. The membrane was mechanically and 
chemically stable and was used over a period of 2.5 months without showing any drift 
in potentials. If necessary, it can be equilibrated again with 0.1 M Hg(N03)2 solution 
for 4-5 days continuously. 
The effect of non-aqueous medium on the fiinctioning of the membrane sensor 
was studied by measuring the potentials in partially non-aqueous media using water-
ethanol and water-acetone mixtures (5-35% v/v). The calibration plot was plotted in 
each case and the slope of the curve was compared with the aqueous system. It is 
found from Table 5.7 that no appreciable change in the working concentration range 
and slope occurs in solutions having up to a 25% (v/v) acetonic and 10% (v/v) 
ethanolic solution. However, above this proportions of acetone and ethanol the 
working concentration range and slope decreased drastically. In addition, the response 
time of the membrane electrode has also been investigated in these non-aqueous 
systems and found that the response did not change appreciably. 
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The perfomiance of the electrode assembly was also observed in solutions 
contaminated with detergent matter. In routine way the effect of surfactant, i.e. Na-
lauryl sulfate on slope value was studied and it was found that small amounts (1 x 10'^  
M to 1 X 10'"* M) of the detergent did not disturb the functioning of the membrane 
sensor, but above the concentration of 1 x 10''^  M a divergence in slope was observed 
(Table 5.8) causing some problems. 
In order to assess the selectivity of the membrane electrode, the effect of a 
number of interfering ions {Af^) on the membrane potential were evaluated 
graphically (Fig. 5.8) by Fixed Interference Method [61] at 1 x 10'^  M. The numerical 
values of potentiometric selectivity coefficients (K^g]^) calculated are given in Table 
5.9. These data reveal that all other foreign metal ions (Af^) interfere to a very little 
extent with the primary ion (Hg ) response. Thus, these ions would not cause any 
significant interference in the detemiination of Hg' in sample solutions. 
In conclusion, it must be pointed out that the selectivity coefficient data 
depends to a great extent on the method used for the determination and also on the 
concentration level of the primary as well as the interfering ion, and on the nature of 
the electrode membrane. The characteristics of both the membrane electrodes are 
summarized in Table 5.10. 
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Table 5.7 
Effect of non-aqueous solvents on calibration curve of Hg^^- selective 
polypyrrole polyantimonic acid-PVC membrane electrode 
Solvent 
Water 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Acetone 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Ethanol 
Composition (v/v) 
(%) 
-
5 
10 
15 
20 
25 
30 
5 
10 
15 
20 
25 
Slope 
(mV per decade 
concentration change) 
29.0 
29.0 
29.0 
29.0 
28.5 
28.0 
26.5 
28.5 
28.3 
25.5 
24.0 
23.0 
Detection 
limit 
(M) 
1 X 10'' 
1 X 10-' 
55 
?? 
?? 
55 
1 X 10-' 
1 X 10-' 
93 
1 X 10-' 
55 
1 X 10-^  
Table 5.8 
Effect of different concentrations of surfactant (Na-lauryl sulfate) 
solutions on calibration curve of Hg - selective polypyrrole 
polyantimonic acid-PVC membrane electrode 
Na-lauryl sulfate 
solutions 
(M) 
1 X 10-' 
1 X 10"' 
1 X 10-4 
1 X 10-^  
1 X 10-^  
1 X 10-' 
Slope 
(mV per decade 
concentration change) 
29.0 
29.0 
28.6 
27.1 
25.4 
24.2 
Detection 
limit 
(M) 
1 X 10-' 
55 
?? 
1 X lO-'* 
55 
1 X 10-^  
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Table 5.9 
Selectivity coefficient values (K^^]^) for Hg (II)- selective 
polypyrrole polyantimonic acid-PVC membrane electrode 
for mercury ions 
Interfering ions Selectivity coefficients by fixed 
{Af*) interference method (at 1 x 10"^  M) 
Na^ 
r 
Mg^^ 
Co^" 
Ni^" 
Cu^" 
Mn^" 
Zn^" 
Pb^" 
Cd^" 
Al^ ^ 
Fe^^ 
0.04 
0.03 
0.02 
0.04 
0.02 
0.03 
0.03 
0.02 
0.07 
0.04 
0.01 
0.05 
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Chapter 6 
Analytical and Environmental Applications 
of Polyaniline Sn(IV) Tungstoarsenate and 
Polypyrrole Polyantimonic Acid Used as Cation-
Exchangers and Electrochemical Sensors 
Chapter 6 
6.1. INTRODUCTION 
The synthesis of polymeric-inorganic composites through the combination of 
inorganic materials and organic polymers has received a great deal of attention 
because it provided new materials with special mechanical, chemical, 
electrochemical, and optical as well as magnetic properties [1-34]. These hybrid 
materials should be considered as next-generation composite materials that will 
include a wide range of applications such as chromatography, chemical sensors, 
fabrication of selective materials, and electrical and optical applications. The polymer 
based composite ion-exchange materials show the improvement in a number of its 
properties [35-38]. One of them is the improvement in its granulometric properties 
that makes more suitable for the application in column operations. In some of the 
cases, it is observed that increase in the number of cycles without affecting its ion-
exchange capacity as well as ion-exchange equilibria. Therefore, these composite ion-
exchangers have well established their position in separation science and technology, 
and have been employed in the selective separation and preconcentration of metal 
ions as well as recovery of heavy toxic metals from various waste effluents to 
decrease the pollution load in the environment [39-51]. 
Cadmium is considered as highly toxic element and responsible for several 
cases of poisoning through water, food and smoking. When excessive amounts of 
Cd^^ are ingested, it replaces Zn^^ at key enzymatic sites, causing metabolic disorders, 
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kidney damage, renal dysfunction, anemia, hypertension, bone marrow disorders, 
cancer and toxicity to aquatic biota. Cadmium is released into the atmosphere from 
smelters and factories processing Cd and also from the incineration or disposal of 
cadmium-bearing products. Cadmium enters natural water through industrial 
discharges mainly from electroplating industry and nickel-cadmium battery industiy 
or the deterioration of galvanized water pipes. Cd is therefore a potential pollutant in 
the environment. 
Mercur)' is considered as highly toxic element and responsible for several 
cases of poisoning through water, food and smoking. It finds extensive use in chlor-
alkali industry (for the manufacture of CI2 and NaOH), electrical and electronic 
industries (in manufacture of mercury vapor lamps and fluorescent tubes, batteries, 
electric switchgears, etc.), plastics industry (in the manufacture of vinyl chloride), 
paper and pulp industry and pharmaceutical industries. Hence the effluents from these 
industries pose environmental hazard. Organomercurials used as fungicides for seed 
dressing in agriculture are also a widespread source of pollution. Combustion of fossil 
fuels is the main source of air pollution by mercury. This element is now^ mostly used 
as filling material for dental cavities as silver amalgam. Mercury contamination in 
drinking water inhibits the function of certain enzymes necessary for the formation in 
bone marrow of haem, the pigment that combines with protein to form haemoglobin. 
Its vapor, on inhalation, enters the brain through the blood stream and causes severe 
damage to the central nervous system. Inorganic mercuric compounds mainly attack 
liver and kidney. Mercuric chloride is corrosive and, when ingested, precipitates 
proteins of the mucous membrane causing ashen appearance of the mouth, pharynx 
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and gastric mucosa. Organic mercurials are the most toxic substances; the CHsHg"^  
can pass through the placental barrier and enter the foetal tissues. This can cause 
irreversible damage to the central nervous system in the babies bom to mothers 
exposed to poisoning by CHsHg"^ . This compound may even lead to chromosomal 
segregation, chromosome disruption and inhibition of cell division. Thus Hg is also a 
potential pollutant in the environment [52]. 
Since both the composite cation-exchange materials (polyaniline Sn(IV) 
tungstoarsenate and polypyrrole polyantimonic acid) were found to be highly 
selective for cadmium and mercury (major hazardous toxic elements in the 
environment), respectively, as shown from the selectivity studies performed in 
Chapter-3 (Section 3.2.4.6.); the utility of these cation-exchangers has been explored 
for the quantitative separation of Cd ^ and Hg^^ from some binary mixtures as well as 
removal of these toxic metals from some synthetic and real samples on their column. 
Pesticides have a judicious use in agriculture; therefore their adsorption 
behavior is an important aspect of study. One of the important envirormiental 
applications of the ion-exchangers is to adsorb pesticides on their surfaces. 
Thermodynamics (equilibrium studies) is a fundamental approach for describing 
equilibria and helps in evaluating the adsorption/exchange process occurring on the 
surface of the ion-exchangers. The presence of an ion-exchange material possessing a 
good ion-exchange capacity may enhance the adsorption characteristics of the soil. 
The adsorption of pesticides on solis has been a significant feature [53-56]. It is 
affected by the presence of metal ions, which play an important role in modifying the 
nutritional status of the soils. Inorganic ion-exchangers are known to be selective for 
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metal ions and hence their presence in soil may have some far reaching consequences 
[57,58]. They could effect a greater retention of metal ions in soil owing to their ion-
exchange behavior, thus preventing them from entering into coips and ultimately to 
the food chain. These materials have been found to absorb pesticides to a much 
greater extent than the ordinary soils, for example antimony(V) silicate [59] prepared 
in these laboratories has shown about a ten-fold enhanced adsorption potential for the 
pesticide carbofuran as compared to solis. In order to extend such a study, polyaniline 
based Sn(IV) tungstoarsenate hybrid cation-exchanger, possesses a better ion-
exchange capacity, i.e. 1.67 meq dry g'' as compared to simple Sn(IV) 
tungstoarsenate (1.08 meq dry g"^ ) [60] was selected and its adsorption properties has 
been observed for dichlorvos (C4H7CI2O4P, Chemical name: 2,2-Dichlorovinyl 
dimethyl phosphate, Trade name: VaponaA/'aponite, Soluble in water), which is an 
organophosphate compound used commonly as an insecticide in agricultural, 
household and public health uses to control different types of insects. Cancer, adverse 
liver effects, cholinesterase inhibition, paralysis, respiratory failure, influenza-
likeillness, headache, nausea, abdominal cramps, diarrhea, sweating etc. are severe 
reactions that may occur in humans by any route of exposure to dichlorvos [Source: 
webmaster@lakes-intemational.com]. The chemical structure of the adsorbate 
(dichlorvos) is as follows: 
H^C 0 O H CI 
Ml \ V 
p — 0 — c = c 
/ \ 
HgC O CI 
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Ion-selective electrodes based on heterogeneous precipitates are well 
recognized since they are successfully used for determination of several anions and 
cations in solutions [61]. The ion-exchange membranes obtained by embedding ion-
exchangers as electroactive m.aterials in a polymer binder, i.e. epoxy resin (Araldite) 
or polystyrene or poly(vinyl chloride) (PVC), have been extensively employed as 
potentiometric sensors, i.e. chemical sensors, ion-sensors or more commonly ion-
selective membrane electrodes, gas sensors etc. [62-87]. The proposed composite 
cation-exchange materials have potential to be used as hybrid sensors. The chemical, 
thermal and mechanical strength of these materials can be utilized to make its ion-
selective membrane electrodes for the selective determination of heavy metal ions in 
the solutions. An attempt has also been made to obtain new heterogeneous composite 
ion-exchangers based membrane electrodes using these composite cation-exchangers 
as electroactive materials for the potentiometric determination of Cd(II) and Hg(II) 
ions, respectively present in the solutions. This chapter presents some analytical and 
environmental applications of these composite materials used as cation-exchangers, 
adsorbent and ion-selective membrane electrodes. 
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6.2. EXPERIMENTAL 
6.2.1. Reagents and Instruments 
The main reagents used for the synthesis of the material were obtained from 
CDH, Loba Chemie, E-merck and Qualigens (India Ltd.). The nutritional supplement 
pharmaceutical preparations Dexvita-Fe (ferrous gluconate 34.6 mg ml"', zinc sulfate 
1 mg ml"') and Kinetone (ferrous lactate 1.2 mg ml"', zinc sulfate 6.14 mg ml"') were 
obtained from Swift Chemicals and Zest Pharmaceuticals (India Ltd.), respectively. 
Dichlorvos (used as received) was obtained from United Phosphorus Ltd., India. 
All other reagents and chemicals were of anal)4ical reagent grade. A digital pH-meter 
(Elico LI-10, India), a double beam atomic absorption spectrophotometer (GBC 902, 
Australia), a UV-VIS spectrophotometer (Shimadzu UV 1601, Japan), a temperature 
controlled shaker and a digital potentiometer (Equiptronics EQ 609, India) with 
saturated calomel electrodes as reference electrodes were used. 
6.2.2. Preparation of Polyaniline Sn(IV) tungstoarsenate and Polypyrrole 
Poiyantimonic Acid Composites Based Cation-Exchangers and Ion-
Selective Membrane Electrodes 
A number of samples of 'polyaniline Sn(IV) tungstoarsenate' and 'polypyrrole 
poiyantimonic acid' composites were prepared as described in Chapter-2 (Section 
2.2.3.). But the samples S-1 (Table 2.1) and A-2 (Table 2.2) were chosen for the 
studies on their analytical and environmental applications as cation-exchangers and 
potentiometric sensors. The preparation of ion-exchange membranes and fabrication 
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of ion-selective electrodes were done as described in Chapter-5 (Section 5.2.3. and 
5.2.5.). 
6.2.3. Analytical and Environmental Applications of the Composites 
6.2.3.1. Quantitative Separation of Metal Ions Using Composite Cation-
Exchangers 
Quantitative separations of some important metal ions of analytical utility were 
achieved on 'polyaniline Sn(IV) tungstoarsenate' (sample S-1) and 'polypyrrole 
polyantimonic acid' (sample A-2) columns. A 2 g of the cation-exchanger in H"^ -foi-m 
was packed in an open glass column (35 cm height and -0.6 cm i.d.). After washing 
the column thoroughly with DMW, the mixture of two metal ions of 0.01 M each, was 
loaded on it, and was allowed to pass gently (maintaining a flow rate of 2 - 3 drops 
per minute) till the level was above the surface of the material. The process was 
repeated 2 or 3 times to ensure complete adsorption of the mixture on beads. The 
separation was achieved by passing a suitable solvent at a flow rate of 1 ml min"' 
through the column as eluent. The metal ions in the effluent were detemiined 
quantitatively by AAS and EDTA titration [88]. 
6.2.3.2. Removal of C(f^ and Hg^^ form Water Samples Using Composite 
Cation-Exchangers 
The coluiTin packing of 'polyaniline Sn(IV) tungstoarsenate, S-l' and 
9-1-
'polypyiTole polyantimonic acid, A-2' showed the highest selectivity for Cd (Table 
3.9 in Chapter-3) and Hg^ "^  (Table 3.10 in Chapter-3), respectively in comparison to 
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other metal ions. Removal of Cd "^  and Hg^^ ions from water samples {i.e., 
preconcentration of Cd and Hg ) were examined by passing various volumes of 
aqueous solutions (containing Cd^ ^ and Hg^ )^ through the columns (30 cm x 0.4 cm )^ 
packed with 2 g composite cation-exchangers. Cd and Hg retained on the columns 
could be eluted quantitatively with 0.1 M HNO3 and 1 M HCl, respectively 
by passing the suitable eluents through the columns at a flow rate of 1 ml min"\ 
6.2.3.3. Drug Analysis 
For the separation and determination of metal ions in the pharmaceutical 
preparations, each sample (10 ml) was diluted to 100 ml and the diluted solution (1-4 
9-1-
ml) was loaded on to a column containing 2.0 g composite cation-exchanger. Zn and 
Fe^^ were eluted with demineralized water (DMW) and 1 M HCIO4, respectively; and 
determined titrimetrically as described elsewhere [88]. The results were checked by 
performing three replicate runs. 
6.2.3.4. Adsorption of Pesticide (Dichlorovos) on Polypaniline 
Sn(IV) tungstoarsenate Composite Cation-Exchanger 
Aliquots of 0.2 g of H^-form of the composite cation-exchanger (polyaniline 
Sn(IV) tungstoarsenate, S-1) were placed in various stoppered conical flasks at the 
desired temperatures (30, 45 and 60 °C) followed by the addition of the dichlorvos 
solutions (2000 jj.g ml'') in varying amounts (0-10 ml). The total volume was brought 
to 20 ml by adding DMW and the mixtures were shaken for 120 min, each to attain 
equilibrium. The supernatant liquid was then quantitatively analyzed for dichlorvos 
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using standard spectrophotometric (UV) method. Absorbance was measured at 230 
nm against a blank solution using a UV 1601 (Shimadzu, Japan) spectrophotometer. 
DMW was used as a reagent blank. The initial concentrations of the dichlorvos in 
solutions were also determined by the similar method prior to their mixing with the 
cation-exchanger. 
6.2.3.5. Determination of Metal Ions in Real Samples Using the Ion-Selective 
Membrane Electrodes 
6.2.3.5.1. Analysis of industrial wastewater samples containing C^""using the 
polyaniline Sn(IV) tungstoarsenate membrane electrode 
9+ 
We applied the present Cd ion-selective polyaniline Sn(IV) tungstoarsenate 
9-1-
membrane electrode for the determination of the Cd ions in the industrial waste 
water samples taken from the local electroplating factory. The samples were collected 
by a routine technique and preserved with HNO3, stored in glass bottles and analyzed 
within 12 h after collection. Since the samples contain particulate matters, they were 
centrifuged and the potentials were measured after adjusting the pH (~4.0) with HNO3 
or NH3. Three replicate measurements were done to obtain the cadmium contents in 
five samples with this electrode using the membrane sensor's calibration graph. 
6.2.3.5.2. Analysis of some real samples containing Hg using the 
polypyrrole polyantimonic acid membrane electrode 
Determination of Hg^ i^n spiked wastewater samples: 
Suitable aliquots of water samples were marked up to 10.0 ml volume with 
phosphate buffer of pH = 7.0 and the potentials were recorded. 
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Detemination of Hg^ ^ in some amalgam alloys: 
For amalgam alloys, an accurately weighed 0.2 g of each amalgam alloy (0.2-
0.4% Hg^ "^ ) sample was dissolved in 20 ml of 60% nitric acid. The solution was 
heated to near dr>'ness. Acid treatment and evaporation were repeated two times, the 
residue dissolved in the least volume of water, the clear solution was quantitatively 
transferred into 25 ml volumetric flask and was brought to the mark with 0.5 M KI 
solution. 5 ml aliquots of the clear solution were added to 5.0 ml of phosphate buffer 
of pH = 7.0 and the potentials were recorded. 
Detemination of Hg in an alloy for dental prosthesis: 
1 g of the commercially available amalgam was exactly weighed and dissolved 
in 1:1 HNO3 and the mixture was carefully boiled until complete dissolution of the 
amalgam was achieved. The solution obtained was transferred into a 100 ml 
calibration flask and diluted to volume with doubly distilled water. Aliquots of 1.0 ml 
were treated by following the recommended procedure. 
6.2.3.6. Potentiometric Titrations Using the Ion-Selective Membrane 
Electrodes 
In addition, the newly developed membrane electrodes in conjunction with 
Hg/Hg2Cl2 reference electrodes have been examined as end point electrodes for some 
potentiometric reactions. 
6.2.3.6.1. Determination of Cdr* by potentiometric titrations using the 
poly aniline Sn(IV) tungstoarsenate membrane electrode 
The proposed membrane electrode was employed as an indicator electrode in 
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the titration of 1.0 x lO'" M Cd(N03)2 solution against 1.0 x 10'^  M EDTA solution as 
a titrant. For this, 5 ml Cd(N03)2 solution was pippeted out in a beaker, its volume 
was raised up to 20 ml by DMW. Its electrode potential was measured. This solution 
was titrated against EDTA solution, electrode potentials were measured after each 
addition of 0.5 ml. Values were plotted against the volume of EDTA used. The 
necessary adjustment of pH (^4) was made before adding the titrant. 
6.2.3.6.2. Determination of Hg ^ and phenyl mercury acetate (PMA) by 
potentiometric titrations using the polypyrrole polyantimonic 
acid membrane electrode 
The proposed Hg"^ selective membrane sensor assembly was tested by its use 
as an indicator electrode in the potentiometric titration of Hg(II) and phenyl mercurj^  
acetate with EDTA and KI solutions, respectively. 
A 50 ml portion of 1 x 10'^  M Hg(N03)2 solution, at pH of 4, buffered by 
acetate buffer, was titrated with 1 x 10' M EDTA solution and electrode potentials 
were recorded after each addition of EDTA. The e.m.f values were plotted against the 
volume of EDTA used. 
Furthermore, the volume of 5 ml of 1 x 10'^  M phenyl mercury acetate in its 
aqueous solution was titrated by potentiometric titration with the standard solution of 
1 X lO"'^  M KI and electrode potentials were measured after each addition KI solution, 
and the values were plotted against the volume of KI used. 
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6.3. RESULTS AND DISCUSSION 
Sample S-1 (Table 2.1) o f polyaniline Sn(IV) tungstoarsenate' and sample A-
2 (Table 2.2) of 'polypyrrole polyantimonic acid' composites prepared in this study 
showed good ion-exchange capacity, better mechanical and granulometric properties, 
higher stabilities (chemical as well as thermal), reproducibilit}' and selectivit>' for 
certain heav)' metals. In this chapter, these 'organic-inorganic' hybrid materials have 
been used as cation-exchangers and sensitive ion-sensors for the analytical and 
environmental applications. 
6.3.1. Quantitative Separation of Metal Ions Using Composite Cation-
Exchangers 
On the basis of distribution studies perfonned in Chapter-3 (Section 3.2.4.6.), 
the most promising property of the material (polyaniline Sn(IV) tungstoarsenate, 
sample S-1) was found to be the high selectivity towards Cd(ll), which is a major 
polluting metal in the environment. The separation capability of the material has been 
demonstrated by achieving some important binary separations such as Cd '^^ -Zn "^', 
Cd^^-Pb^^ Cd'^'-Hg^^ Cd^^-Mg^^ Cd^^-Cr^^ Cd^ -^Cu^^ and Mg^^-Ba'^ Table 6.1 
summarizes the salient features of these separations. It was also observed that Cd(II) 
retained strongly on the cation-exchanger column. The weakly retained metal ions 
appear out of the column faster than 'Cd(II) and Cd(II) was eluted after by HNO3 
solution. The order of eiution and eluents used for these separations are also 
illustrated in Fig. 6.1. 
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Also in the case of polypyrrole polyantimonic acid (sample A-2), the 
distribution studies (Section 3.2.4.6. in Chapter-3) revealed the most potential 
property of the material was found to be the high selectivity towards Hg(II) (which is 
also a major polluting element in the environment), indicating its importance in 
environmental studies. The separation capability of the material has been 
demonstrated by achieving some important binary separations of different synthetic 
metal mixtures involving Hg(II), for example: Hg" -Zn , Hg -Ni" , Hg -Cu" , Hg -
Fe^\ Hg '^^ -Cd^^ Hg '^^ -Mg^^ Hg '^"-Pb^^and Hg'^-AP^ Table 6.2 summarizes the 
salient features of these separations. The sequential elution of ions from the column 
depends upon the stability of metal-eluting ligand (eluent). The order of elution and 
eluents used for these separations are also illustrated in Fig. 6.2. The separations are 
quite sharp and recovery is quantitative and reproducible. 
6.3.2. Removal of Cd and Hg form Water Samples Using Composite 
Cation-Exchangers 
Since S-1 and A-2 composite cation-exchangers showed the high uptake of 
Cd^ "^  and Hg^ "^  respectively, an attempt has been taken for the selective removal of 
^ I 0_J_ ^_^ O - i - 0-4-
Cd and Hg from water samples. The results of removal studies of Cd" and Hg 
from dilute aqueous samples are presented in Table 6.3 and Table 6.4, respectively. 
The data show that the presence of foreign metal ions does not exert significant effect 
on the removal efficiency at pH « 2. 
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Table 6.2 
Some binaty separations of metal ions achieved on polypyrrole polyantimonic 
acid column 
Separations 
achieved 
Hg(II) 
Zn(II) 
Hg(II) 
Ni(II) 
Hg(II) 
Cu(II) 
Hg(II) 
Cd(II) 
Hg(II) 
Mg(II) 
Hg(II) 
Pb(II) 
Hg(II) 
Al(III) 
Hg(II) 
Fe(III) 
Eluant used 
A 
B 
A 
C 
A 
C 
A 
E 
A 
D 
A 
C 
A 
E 
A 
D 
Volume of 
eluant 
(ml) 
50 
40 
50 
40 
40 
40 
50 
40 
40 
50 
50 
50 
40 
50 
50 
40 
Amount of metal 
loaded 
(^g) 
3710.92 
1045.85 
3008.85 
997.79 
2607.67 
953.19 
3209.44 
1573.75 
2607.67 
607.63 
3811.21 
3315.20 
2607.67 
593.56 
3008.85 
949.40 
Amount of 
metal found 
i^g) 
3670.80 
1007.01 
2978.76 
983.12 
2568.44 
927.49 
3249.56 
1545.65 
2607.67 
602.77 
3851.33 
3273.76 
2587.61 
597.63 
2968.73 
960.57 
EiTor 
(%) 
-1.08 
+2.67 
-1.00 
-1.47 
-1.15 
-2.17 
+1.25 
-1.79 
0.0 
-0.80 
+1.05 
-1.25 
-0.77 
+0.68 
-1.33 
+1.18 
A = 1 M HCl; B - 0.01 M HNO3; C - 0.1 M HCIO4; 
D = 0.01 M Ha04; E = 0.1 M HNO3 
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Table 6.3 
j 2 + Removal of Cd from water samples using polyaniline Sn(IV) tungstoarsenale 
column 
Total volume 
of test solution 
(ml) 
500 
500 
250 
100 
100 
500 
500 
Amount of 
Cd^^ taken 
i\ig) 
281 
562 
1124 
1686 
2248 
562 
562''^  
pH of the 
solution 
5 
5 
5 
5 
5 
2 
2 
Flow rate 
(ml min'') 
4 
4 
3 
2 
2 
4 
4 
Cd'^ removal'^ 
(%) 
100 ±0.4 
100 + 0.3 
10010.6 
97 + 0.5 
95 ±0.6 
99 ± 0.2 
97 ±0.8 
^^ Mean and standard deviation for three measurements 
b) 2-r 2+ X T ; 2 + .2+ ,2+x In presence of foreign metal ions (Zn "", Mn , Ni , Mg and Ca ) 
Table 6.4 
J+ Removal of Hg from water samples using polypyrrole polyantimonic acid column 
Total volume 
of test solution 
(ml) 
1000 
1000 
750 
500 
1000 
1000 
Amount of 
Hg^ "^  taken 
(mg) 
5 
10 
25 
100 
10 
lO'') 
pHofthe 
solution 
4 
4 
4 
4 
2 
2 
Flow rate 
(ml min" )^ 
4 
4 
3 
2 
4 
4 
Hg^ "^  removaP^ 
(%) 
100 ±0.3 
100 ±0.5 
99 + 0.8 
97 ± 0.4 
100 ±0.6 
98 ±0.4 
^^  Mean and standard deviation for three measurements 
''^ In presence of foreign metal ions (Cu^^, Zn^ ,^ Ba^ ,^ Mg'^ "^  and Ca^ "^ ) 
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6.3.3. Drug Analysis 
The patterns of distribution behavior in DMW at 25 ± 2 °C showed the uptake as 
-2+ 3+ .2+ Zn^ > Fe' for sample S-1 (Table 3.9) and Fe' > Zn^" for sample A-2 (Table 3.10) 
.2+ Hence, an effective analytical method for separating Fe~ and Zn from other metals 
in commercially available pharmaceutical preparations v/as carried out by using these 
composite cation-exchangers that demonstrated its practical utility. The results are 
satisfactory and shown in Table 6.5. 
6.3.4, Adsorption of Pesticide (Dichlorvos) on Polyaniline Sn(IV) 
tungstoarsenate Composite Cation-Exchanger 
Adssorption of dichlorvos on the surface of polyaniline Sn(IV) tungstoarsenate 
can be shown as: 
H,c Os 
x-H + 
H3C O 
p—o—c=c 
li 
0 
-CI 
'CI 
H , e — 0 ^ 
HsC^O ^ _ H ^ 
p—o—c=c X 
where X stands for the polyaniline Sn(IV) tungstoarsenate composite cation-
exchanger. The adsorption isotherms at 30, 45 and 60 °C, follow adequately a 
Freundlich adsoption behavior and can be represented by the equation: 
x/m = KC l/n .6.1 
where x/m is the surface concentration of dichlorvos in miilimoles per gram of the 
exchanger, C is the equilibrium concentration of dichlorvos (mmol ml"*), and K and 
l/n are constants. 
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Table 6.5 
Separation of Zn and Fe present in t^vo pharmaceutical preparations on the 
composite cation-exchanger columns (S-l and A-2) 
Composite 
cation-
exchanger 
column 
Sample 
S-l 
Sample 
and metal 
ions 
Kinetone 
Zn^^ 
Fe^" 
Amount 
loaded 
(mg) 
1.228 
0.240 
Amount 
found 
(mg) 
1.219 
0.237 
Recovery 
(%) 
99.27 
98.75 
Eluent 
used 
DMW 
0.1 M 
Volume 
of eluent 
(ml) 
60 
50 
HNO, 
Sample 
A-2 
Dexvita-Fe 
Zn 2+ 0.100 0.099 99.00 0.01 M 50 
HNO3 
Fe^ "^  3.460 3.460 100.00 I M 70 
HNO, 
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According to the equation (6.1) a plot of log x/m versus log C is a straight line 
(Fig. 6.3), and K and 1/n are the constants determined from the intercepts and slopes 
of the starting lines, respectively, fitted to the points by the least squares method. The 
values obtained are listed in Table 6.6. 
Themiodynamic parameters were calculated from the variation of the 
thermodynamic equilibrium constant KQ (or the thermodynamic coefficient) with the 
change in temperature. The constant, KQ for the adsorption reaction can be defined as 
follows: 
Ko = = 6.2 
where a^ is the activity of adsorbed solute, ae is the activity of the solute in solution at 
equilibrium, Cj is the surface concentration of dichlorvos in millimoles per gram of 
exchanger, Ce is the concentration of dichlorvos at equilibrium (mmol ml"'), Vs is the 
activity coefficient of the adsorbed soloute and Ve is the activity coefficient of the 
soloute in solution. 
As the concentration of the solute in the solution approaches zero, the activity 
coefficient approaches unity, reducing equation (6.2) to the following form-
es ^ 
= Ko 
Ce SLQ 
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Fig. 6.3. Freundlich isotherms of dichlorvos adsorption on polyaniline Sn(IV) 
tungstoarsenate composite cation-exchanger. 
Table 6.6 
Freundlich isotherm constants AT and l/n for the adsorption of dichlorvos on 
polyaniline Sn(IV) tungstoarsenate cation-exchanger 
Freundlich 
constant 
K 
l/n 
Temperature (°C) 
"30 45" 
2.91 2.63 
1.25 1.20 
60 
2.44 
1.17 
562 
Values of KQ are obtained by plotting ln(Cs/Ce) versus Cj (Fig. 6.4) and 
extrapolating C^ to zero [53]. The straight line obtained is fitted to the points based on 
a least squares analysis. Its intercept with the vertical axis gives the values of KQ. 
Standard free energy changes (AG*^ ) for interactions are calculated [89] from the 
relationship: 
AG° = -RTlnKo ...6.4 
where R is the universal gas constant and T is the temperature in Kelvin. The average 
standard enthalpy change (AH'^) is then calculated from the well known Van't Hoff 
equation: 
- AH°(Ti to Ts) 
In KoCTs) - In Ko(T,) = (I/T3-I/TO 6.5 
R 
where T3 and Ti are two different temperatures. Standard entropy changes (AS°) are 
calculated using the following equation-
AG° = AH^-TAS° ..6.6 
the values obtained are given in Table 6.7. A negative value of the standard enthalpy 
change indicates the dichlorvos-exchanger interaction is exothermic. It is supported 
by the adsorption of dichlorvos decreases with the increase in temperature. Since the 
free energy changes are negative and accompanied by a positive entropy changes, the 
reactions are spontaneous with a high affinity for dichlorvos [90]. 
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Fig. 6.4, Plots of In Cs/Ce versus Cj on polyaniline Sn(IV) tungstoarsenate composite 
cation-exchanger. 
Table 6.7 
Values of various thermodynamic parameters for the adsorption of dichlorx'os on 
polyaniline Sn(IV) tungstoarsenate composite cation-exchanger 
Thermodynamic 
Ko 
AG° (K cal mol"') 
AH*' (K cal mor') 
AS° (K cal mol"^  deg') 
Temperature (°C) 
30 
109.36 
-2.85 
-1.43' 
4.50 X 10-^  
45 
101.45 
-2.89 
-1.43' 
4.54x 10-^  
60 
89.76 
-3.03 
-1.43' 
4.55x 10"^  
Average value calculated from the Van't Hoff isochor^ equation (Eq. 6.5) 
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6.3.5. Determination of Metal Ions in Real Samples Using Ion-Selective 
Membrane Electrodes 
6.3.5.1. Analysis of Industrial Wastewater Containing Cd^^ 
The analytical applications of polyaniline Sn(IV) tungstoarsenate electrode 
proved to be useful for the direct estimation of Cd^ '^  in industrial waste water sample. 
The cadmium contents obtained from three replicate measurements in five samples 
"J I O-L- "2-1- n I 
under the coexistence of 20-100 fold of Cu , Pb and Fe ions against Cd ion, as 
low as concentration range of 1 x 10' M - 1 x 10"' M Cd^ "^  ion have been successfully 
measured (Table 6.8). The values obtained are quite comparable to those obtained 
with AAS, thereby illustrating the utility of the sensor for the determination of Cd^* in 
real samples as well. 
6.3.5.2. Determination ofHg in Spiked Wastewater Samples 
The proposed membrane electrode (polypyrrole polyantimonic acid) has been 
applied for the direct potentiometric determination of mercury in waste water 
samples. Results in Table 6.9 show an average recovery of 98.4% with relative 
standard deviation of 1.6% at 50.2 (ig/ml. 
6.3.5.3. Detemination ofHg in Some Amalgams and Dental Alloys 
The membrane electrode (polypyrrole polyantimonic acid) has also been 
examined for the determination of mercury in amalgam and dental alloys and the 
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Table 6.8 
Analytical application of polyaniline Sn(IV) tungstoarsenate-araldite membrane 
electrode for the determination of cadmium in wastewater samples 
Wastewater pH 
samples^. 
Cd ^ {jug ml' ) 
Found Adjusted AAS Sensor 
Recovery RSD 
TT— (%) (%) 
5.68 3.80 32.2 31.0 96.27 1.4 
2. 5.60 3.85 32.4 31.1 95.99 1.3 
5.72 3.75 32.2 30.5 94.72 1.3 
4. 5.70 3.84 32.5 30.1 92.62 1.5 
5.64 3.68 32.4 29.6 91.36 1.6 
Wastewater samples were collected from drainage of the local electroplating 
factory. 
Mean of three determinations. 
Table 6.9 
Determination of mercury in spiked wastewater samples using the polypyrrole 
polyantimonic acid-PVC membrane electrode 
Wastewater Hg^ "^  (//g ml'') 
samples^ AAS Sensor 
Recovery 
(%) 
RSD 
(%) 
1. 5.1 4.9 96.08 1.5 
50.2 49.4 98.41 1.6 
100.2 99.6 98.40 1.4 
Wastewater samples were collected from the drainage of Shahibabad Industrial 
Area, U.P., India. 
Mean of three determinations. 
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results were compared with those obtained using atomic absorption spectrometry 
(AAS). Table 6.10 shows that the results obtained using the proposed electrode are in 
fair agreement with those obtained by AAS. 
6.3.6. Potentiometric Titrations 
6.3.6.L Determination of C(f^ by Potentiometric Titrations Using the 
Polyaniline Sn(IV) tungstoarsenate Membrane Electrode 
The analytical utility of this membrane electrode has been established by 
employing it as an indicator electrode in the titration of 0.01 M Cd(N03)2 solution 
against 0.01 M EDTA solution. It was observed that a sharp rise in the titration curve 
occurs at the equivalence point (Fig. 6.5). 
6.3.6.2. Determination ofHg^^ and Phenyl Mercury Acetate by Potentiometric 
Titrations Using the Polypyrrole Polyantimonic Acid Membrane 
Electrode 
The practical utility of the proposed membrane sensor assembly was tested by 
its use as an indicator electrode in the potentiometric titration of Hg(II) with EDTA 
(Fig. 6.6). The addition of EDTA causes a decrease in potential as a result of the 
decrease in free Hg(II) ion concentration due to its complexation with EDTA. The 
amount of Hg(II) ions in solution can be accurately determined from the resulting neat 
titration curve providing a sharp end point. The potentiometric titration of Hg(n) was 
also successfully carried out in the presence of 1 x 10'^  M Zn(II) and Cu(II), hence 
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Table 6.10 
Determination of mercury in some amalgam alloys using the proposed 
polypyrrole polyantimonic acid-PVC membrane electrode 
Sample (amalgam 
alloys) 
Mercury Mercury found {/^g) 
taken 
AAS Sensor 
Silver amalgam 
Copper amalgam 
Gold amalgam 
40.0 
90.0 
40.9 (±0.8) 
90.8 (±0.6) 
400.0 391.0 (±0.7) 
Dental alloy' (with 42.69" 42.60 (±1.3) 
certified composition) 
39.25 (±1.2) 
88.8 (±2.1) 
388.3 (±1.4) 
41.75 (±1.5) 
Percentage content of alloy: Ag 34.38%, Zn 16.05 %, Cu 6.88% and 
Hg 42.69%. 
Value is given in percentage. 
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Fig. 6.5. Potentiometric titration of Cd(II) against EDTA solution using polyaniline 
Sn(IV) tungstoai-senate-araldite membrane electrode 
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Potentiometric titration of Hg(II) against EDTA solution using polypyrrole 
polyantimonic acid-PVC membrane electrode. 369 
demonstrating the usefulness of the sensor developed for potentiometric 
determination of Hg(II) in mixtures. 
Phenyhnercur}' acetate is an important example of twent>' or more 
organomercury compounds used as fungicides in agriculture. Organomercury-
compounds are used in seed dressings, orchard sprays, foliar dusts and as glass house 
aerosols for the control of fungal diseases are likely to lead residue problems. The 
analytical performance of the proposed membrane sensor assembly was also tested by 
its use as an indicator electrode in the potentiometric titration of phenyl mercury 
acetate with KI solution (Fig. 6.7). The concentration of the PMA can be accurately 
determined from the potentiometric titration cui-ve. 
The titration curves are symmetrical with a very well defined potential jump 
indicating the sensitivity of the electrodes. 
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Summary and Conclusions 
New developments in composite materials are continually taking place, with a 
wide range and form of polymeric, mxtallic, and ceram.ic materials being used both as 
fibers and as matrix materials. Research and development activities in this area are 
concerned with improving strength, toughness, stiffness, resistance to high 
temperature, and reliabilit}' in service. We define the composite materials as a 
combination of two or more chemically distinct and insoluble phases whose properties 
and structural performances are superior to those of the constituents acting 
individually. 
In our present studies, two new and novel 'organic-inorganic' composite 
materials were chemically prepared via the incorporation of organic conducting 
polymers into the inorganic ion-exchanger precipitates of multivalent metal acid salts 
{i.e. Sn(IV) tungstoarsenate and polyantimonic acid). These materials are attractive for 
the purpose of creating high performance or high functional polymeric materials that 
are expected to provide many possibilities. The conducting polymers selected are 
polyaniline and polypyrrole after careful scrutiny of the literature survey and their 
chemical synthesis by the standard oxidative polymerization as found in literature was 
successfully applied. 
The technique employed in the preparation of these composites (polyaniline 
Sn(IV) tungstoarsenate and polypyrrole polyantimonic acid) is a successful 
modification of that of such materials mentioned in the literature, providing a new 
class of 'organic-inorganic' hybrid ion-exchangers possess fairly good yield, better 
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mechanical and granulometric properties, good ion-exchange behavior, higher 
stabilities (chemical as well as thermal), reproducibility and selectivity for some 
specific heavy metals indicating its useful environmental applications. 
These composite materials were characterized by means of some instrumental 
techniques such as SEM, FT-IR, TGA-DTA, X-ray, ESR, elemental analysis, AAS, 
UV/VIS spectrophotometry etc. X-ray diffraction patterns of both the composites 
indicated their crystalline character. Surface morphology of these materials were 
examined by scanning electron microscopic (SEM) studies that confirm the fomiation 
of composites, since it revealed the difference in surface morphologies of the 
composites and their individual constituents after binding of polymers with inorganic 
precipitates. The chemical composition, tentative fonnula and structure of the 
composites were determined on the basis of FT-IR, TGA-DTA, elemental analysis, 
AAS, UVA^IS spectrophotometric studies. 
Ion-exchange capacities for different univalent and divalent cations were also 
determined using these stable materials that verify its chromatographic properties. The 
distribution coefficient (Kj) values obtaining from sorption (selectivity) studies 
indicated that the composite cation-exchange materials were found to be highly 
selective for Cd and Hg" ions, respectively. These heavy metal ions are potential 
pollutants in the environment as they are considered as highly toxic elements and 
responsible for several cases of poisoning. The selectivities of both the composites 
were tested successfully by achieving some important binary separations, like 
separation of Cd(II) and Hg(II) from other metal ions (i.e. Zn^^ Cu^", Ni'^, Cr^ ,^ Fe^^ 
etc.) on their columns. To understand the viability of an ion-exchanger in the 
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separation of metal ions, i.e. to become aware about the ion-exchange process, ion-
exchange kinetic measurements {e.g. investigations of some kinetic parameters) for the 
exchange of various metal ions on these composite cation-exchange materials have 
been carried out. The kinetic study reveals that equilibrium is attained faster at a 
higher temperature probably because of a higher diffusion rate of ions through the 
thermally enlarged interstitial positions of the ion-exchange matrix. A particle 
diffusion-controlled ion-exchange phenomenon is evident for each of the composites. 
These materials showed negative values of entropy of activation that suggest a greater 
degree of order achieved during the forward ion-exchange [M(II) - H(I)] process. A 
comparison of the two composite cation-exchangers, reported here, indicates that they 
are remarkably similar in this behavior, pointing to the fact that the organic part may 
not be affecting the ion-exchange properties significantly of such materials. 
These composite materials were used as good cation-exchangers for the 
selective recoveiy and preconcentration of metal ions (Cd and Hg" ) in aqueous 
solutions. It is also evident from the thermodynamic study for the adsorption behavior 
of dichlorvos, an organophosphoms pesticide on the surface of polyaniline Sn(IV) 
tungstoarsenate that the composite materials can be used as good adsorbents of 
pesticides to decrease the pollution load in the enviromnent. 
This type of improved materials have been established a good position in the 
modem electrical and electronic technology as replacement materials and modem 
engineered systems because of having electrical conducting properties. The chemically 
prepared composite materials contain two components viz. inorganic and organic. The 
inorganic comiponQnts are efficient ion-exchange material whereas organic 
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components are good electronically conducting polymers. The either components are 
not traditional ionic conductors. The ionic mobility in either components under 
extremely dry conditions is very low and negligible, including the protonic mobility of 
the components as the measurements were done on dried materials pressed in the fonn 
of pellets. Therefore, the DC electrical conductivity of the composites is due to 
electronic conduction contributed by the conducting components, polyaniline or 
polypyrrole, present in sufficient amount. It was also observed that the ambient 
temperature conductivities of the composites for some concentrations of aniline and 
pyrrole monomers are greater than that of individual components, polyaniline or 
polypyiTole. 
The electrical conductivity was measured using 4-probe-in-line DC electrical 
conductivity measuring technique for semiconductors that is more satisfactory than 
two-probe method. The samples of both the composites so prepared are 
semiconductors in nature, showing conductivities m the range of 10'' to 10-" S cm" . A 
slight increase in electrical conductivity for the composites is followed at a certain 
polyaniline or pyrrole concentration (about 8% for aniline and 27% for pyrrole) by a 
sudden jump, which is again followed by moderate increase; the percolation threshold. 
The composite samples followed the Arrhenius-type equation for the dependence of 
electrical conductivity with temperature. The calculated activation energies (from the 
Arrhenius plots) of the samples of the composite materials were compared with the 
band gap of semiconductors and the samples showed comparable energy requirement 
for conduction to occur. 
The electrical conductivity measured for the composites with respect to the time 
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of accelerated ageing and it was observed that the electrical conductivity is quite stable 
at 50, 70, 90 and 110 °C that support the fact that the DC electrical conductivit}' of the 
composites is sufficiently stable under ambient temperature conditions. The electrical 
conductivit)' decreases with time at 130 and 150 °C that may be attributed to the loss 
of dopant and the chemical reaction of dopant v/ith material. The composites are stable 
in terms of electrical properties when cycled 5 times between temperature 35-200 °C. 
There was minor difference in their electrical conductivity even ajfter repeating the 
experiment for five times that showed the good stability of the materials during 
heating-cooling cycles under oxidizing conditions up to 200 °C. These com.posites 
were also observed to be stable materials, i.e. the room temperature conductivities are 
negligibly affected by short-term exposure to laboratory. The composites are 
environmentally stable with respect to their physical properties and no visible 
deterioration could be traced in the pellets even after 250 days of their preparation. 
Ion-selective membrane electrodes and biosensors have found applications in 
individual processes such as fermentation control, pharmaceutical analysis, 
environmental monitoring, sewage treatment, food industries, etc. Since use of ion-
selective electrodes offer several advantages over other analytical techniques, such as 
rapid, accurate and low cost analysis, hence the development of ion-exchange 
membrane electrodes by means of these composite materials has also been carried out 
in the present studies. The chemical, thermal and mechanical strength of the prepared 
composite materials were utilized to make its ion-selective membrane electrodes with 
satisfactory detection limits ( 1 x 1 0 ' M and 1 x 10"^  M with sub Nemstian and near 
Nemstian slopes), high working pH ranges (between 2.5-8), quick responses (bet\\'een 
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25-30 sec.) and enough lifetimes (between 2.5-3 months) for the selective 
determination of heav>' metal ions (i.e. Cd^ "^  and Hg^^that causes hazardous pollution 
in the environment) in synthetic samples as well as real samples like effluents, 
wastewaters, alloys etc. The ion-exchange membrane electrodes were prepared 
through the incorporation of composite cation-exchanger (as electroactive material 
phase) in an inert matrix. The binding materials used as PVC and Araldite were found 
to be most suitable binder since they are chemically inert, insoluble in water, 
hydrophobic, flexible, effectively bind the particles, and also resist cracking and 
swelling in aqueous solution. It is evident fi-om the selectivity coefficients of different 
metal ions determined by Fixed Interference Method that the foreign ions could not 
show any significant interference to the electrode responses for the determination of 
Cd^ ^ and Hg^"*^  for which the composite cation-exchanger membrane electrodes are 
selective. Electrode responses were also checked in non-aqueous as well as surfactant 
systems. The analytical applications of the sensitive ion-electrodes has been observed 
in the rapid determination of concerned ions, i.e. Cd and Hg in wastewater samples 
with 2-9% error that are quite comparable to those obtained with AAS. 
The proposed composite cation-exchangers based ion-selective electrodes were 
also used as indicator electrodes for the titration of Cd(N03)2 and Hg(N03)2 solutions 
against EDTA solution that also established their practical and analytical utilities. The 
potentiometric titration of phenyl mercury acetate (PMA, an organomercurial 
compound), which is commonly used as herbicide and fungicide in agriculture, was 
also carried out by polypyrrole polyantimonic acid membrane electrode. And PMA 
can be quantitatively determined from the potentiometric titration curve. 
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However, on the basis of the results discussed in this thesis, we conclude that 
chemically modified new and novel polyaniline Sn(IV) tungstoarsenate and 
polypyrrole polyantimonic acid composites can be used as effective cation-exchangers 
and ion-sensitive membrane electrodes for the selective determination and separation 
of heavy toxic elements in the waste effluents, which makes it important for the 
environmentalists. The electrical semiconducting behavior of these 'polymeric-
inorganic' hybrid t}'pe materials can also be employed as semiconductors in electrical 
and electronic devices. Compared with other ion-exchange materials of this class, they 
offer good environmental and economical advantages. We hope that the various 
physicochemical properties and analytical applications studied on both the materials 
will be a helpful and encouraging resource for the material as well as enviromnental 
scientists to do further research in this field. 
Future Promise and Research Plan 
We expect that the research work presented in this thesis should leave the 
scientists with certain basic impressions for the future. The main purpose of the work 
has been to emphasize the growing importance of synthetic materials used as ion-
exchangers for variety of analytical applications. This area is still in its infancy and 
promises to produce materials for highly specific needs in environmental analyses as 
for example in solution purifications, nuclear medicine, catalysis and memory 
materials for certain selective separations. The exciting field of 'organic-inorganic' 
materials based on electrically conducting polymers also holds much promise for the 
future as it allows the design of many new electrically conducting materials, selective 
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sorbents and both cation- and anion-exchangers and hence they can be used in various 
forms opening new technological possibilities. 
In spite of tremendous progress that has been made in the discipline of 
'organic-inorganic'' composite materials within the past few years, there still remain 
technological challenges, including the development of even more economical, 
sophisticated and specialized composites having comparable properties with less 
adverse environmental impact. Research work will be continuing in the following 
trends: 
Improvements in the methods of fabrication, quality assurance, reproducibility, 
reliability, and predictability of the behavior of composite materials during their 
service life. 
An important area of study is reduction in the costs of new materials and 
fabrication of lightweight nanocomposite materials with higher electrical 
conductivity for their uses in various electrical and electronic devices (e.g. 
secondary fuel cells, gas sensors etc.) 
Efforts will be made to use these composites as adsorbents for air purification 
{i.e. gas separations) by controlling their electrical conductivities. 
To construct ion-selective electrodes for a number of analytes with detection 
limits down to parts-per-million (10''° M) which is possible by studying the 
underlying chemical principles and modifying the nature of electroactive 
materials (e.g. neutral macrocyclic compounds like crown ethers, 
calyx[4]crown, azaaniinules thiosemicarbazones, etc.) used in the membrane 
electrodes. 
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Appendix - 1 
Electrical Conductivity Measuring Instrument 
The four in line probe electrical conductivity measuring instrument consists of 
four individually spring-loaded probes, coated with zinc at the tips. The probes are 
coUinear and equally spaced at a probe spacing of 2 mm. The zinc coating and 
individual spring ensures good electrical contacts with the sample. The probes are 
mounted in a Teflon bush, which ensure good electrical insulation between the 
probes. A Teflon spacer near the tips is also provided to keep the probes at equal 
distance. The whole arrangement is mounted on a suitable stand and lids are provided 
for current, voltage and temperature measurement. Fig. La. and Lb. represents the 
model and resistivity circuit used for the measurement of four probe-in-line DC 
electrical conductivity, respectively. Along with the probe arrangement, the following 
three devices are also provided. Fig. Lc. also shows a four probe-in-line electrical 
conductivity-measuring instrument. 
VOLTMETER: A digital micro-voltmeter with the following specifications -
Range: 1 mV, 10 mV, 100 mV, IV and 10 V 
Resolution: IV 
Accuracy: ± 0.25% of reading ±1 digit 
Impedance: > 10 M ^ on 10V range 
Display: 3.5 digit, 7 segment, LED (12.5 mm height) with auto 
polarity and decimal indication 
Overload Indicator: Sign of 1 on the left and blanking of other digits 
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LOW CURRENT INDICATOR: A battery operated low current source with the 
following specifications -
Current ranges: 0-100 |JA and 0-1 inA 
Accuracy: ± 0.25% of reading ±1 digit 
Open circuit voltage: 15V minimum 
Display: 3.5 digit LED display 
Power: 3 x 9V battery 
OVEN: A small PID controlled oven for the variation of temperature of the material 
from room temperature to about 200 °C with the following specifications -
Temperature range: Ambient to 200 °C 
Resolution: 0.1 °C 
Short-range stability: ±0.2 °C 
Long-range stability: ±0.5 °C 
Measurement accuracy: ±0.5 °C 
Sensor: RTD (A class) 
Display: 3.5 digit, 7 segment, LED with auto polarity and decimal 
indication 
Power: 150W 
PROBES 
SEMICONDUCTOR 
Fig. La, A model for the four probe-in-line electrical resistivity measurements. 
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GALVANOMETER 
MILLIAMMETER 
DIRECT 
CURRENT 
SOURCE •• 
' P R 
<Zy • POTENTIOMETER 
--.MILLIVOLTMETER 
t—. PROBES 
V 
Fia.I.b. Circuit used for measuring probe-in-line electrical resistivity 
measurements. 
SPRING LOADED 
PRO DC 
Fig. I.C. 
A four probe-in-line DC electrical conductivity-measuring instrument. 
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Synthesis, characterization and analytical applications of a new 
and novel 'organic-inorganic' composite material as a cation 
exchanger and Cd(II) ion-selective membrane electrode: 
polyaniline Sn(IV) tungstoarsenate 
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Abstract 
Composite materials formed by the combination of inorganic ion exchangers of multivalent metal acid salts and organic 
conducting polymers (polyanilme, polypyrrole, polythiophene, etc ) providing a new class of organic-inorganic' hybrid ton 
exchangers with better mechanical and granuloraetric properties, good ion exchange capacity, higher stability reproducibility 
and selectivity for heavy metals Such a type of ion exchanger polyaniline Sn(IV) tungstoarsenate' was developed by 
mixing polyaniline into inorganic precipitate of Sn(IV) tungstoarsenate This material was characterized using atomic 
absorption spectrometry, elemental analysis Fourier transform infrared spectroscopy simultaneous thermogravimetry-
differential thermogravimetry. X-ray and scanning electron microscopy studies Ion exchange capacity pH-titrations, elution 
and distribution behavior were also carried out to characterize the material On the basis of distribution studies, the material 
was found to be highly selective for Cd(II) and its selectivit} was tested by achieving some important binary separations like 
Cd(n)-Zn(ll) Cd(I[)-Pb(I]), Cd(II)-Hg(II), Cd(II)-Cu(n), etc on its column Using this composite cation exchanger as 
electroactive material a new heterogeneous precipitate based selective ion sensitive membrane electrode was developed for 
the determination of Cd(II) ions in solutions The membrane electrode is mechanically stable, with a quick response time 
and can be operated within a wide pH range The selectivity coefficients for different cations determined by mixed solution 
method were found to be less than unity The electrode was also found to be satisfactory in electrometric titrations 
© 2001 Elsevier Science B V All rights reserved 
Ki\\\oids Organic-inorganic composite material Canon exchanger Polyaniline Sn(IV) tungstoarsenate Cd([l) ion selective membrane 
electrode 
1. Introduction in diverse fields such as purification of nuclear 
reactor cooling water at high temperature and 
Exploration of inorganic ion exchangers is pressure, development of lon-selective elec-
always of interest because of their applications trodes, construction of ion-exchange membranes 
and their applications to electrodialysis, extrac-
"CorreTponding author Fax +9M7I 270 1260 t^ ou of uranium from Sea Water and separation 
Emad addiess me7bah@rediffmaiicom (A A Khan) of metal lons, ctc Advancement in inorganic 
1381 "1148/03/$ - see front matter © 2003 Elsevier Science B V All rights reserved 
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ion exchangers is not oniy due to their high 
thermal stabiUty and resistivity towards radia-
tion fields but also for their unusual selectivity 
for ionic species and versatility in separation. 
Inorganic ion exchangers of double salts, based 
on tetravalent metal acid (TMA) salts often 
exhibit much better ion-exchange behavior as 
compared with single salts [1]. Derivatization of 
inorganic ion exchangers by organic molecules 
depends on the nature of the inorganic matrix. 
TMA salts can be derivatized by organic moi-
eties bearing inorganic groups such as -OH, 
-COOH, -SO3H, -NH,, etc., which also act as 
ion exchangers, and are known as organo-inor-
ganic ion exchangers or as derivatized tetraval-
ent metal acid (DTMA) salts. Many organic-
inorganic composite ion exchangers have been 
developed earlier by incorporation of organic 
monomers in the inorganic matrix, by way of 
pillaring or non-pillaring methods [2-13J. 
Efforts have been made to improve the 
chemical, thermal and mechanical stability of 
ion exchanger and to make them highly selec-
tive for certain metal ions. An inorganic ion 
exchanger based on organic polymeric matrix 
must be an interesting material, as it should 
possess the mechanical stability due to the 
presence of organic polymeric species and the 
basic characteristics of an inorganic ion ex-
changer regarding its some selectivity for some 
specific metal ions. It was therefore considered 
to synthesize such hybrid ion exchangers with a 
good ion-exchange capacity, high stability, re-
producibility and selectivity for heavy metal 
ions, indicating its useful environmental apph-
cation. A number of organic-inorganic compo-
site samples of polyaniline Sn(IV) tungstoarse-
nate have been synthesized in our laboratory. 
Cadmium is considered as highly toxic ele-
ment and responsible for several cases of 
poisoning through water, food and smoking. 
When excessive amounts of Cd""^  are ingested, 
it replaces Zn'^ at key enzymatic sites, causing 
metabolic disorders, kidney damage, renal 
dysfunction, anemia, hypertension, bone mar-
row disorders, cancer and toxicity to aquatic 
biota. Cadmium is released into the atmosphere 
from smelters and factories processing Cd and 
also from the incineration or disposal of cad-
mium-bearing products. Cadmium enters natural 
water through industrial discharges mainly from 
electroplating industry and nickel-cadmium 
battery industry or the deterioration of galvan-
ized water pipes. Cd is therefore a potential 
pollutant in the environment. The utility of this 
composite ion exchanger has been explored for 
the quantitative separation of Cd ^ from some 
binary mixtures on its column. 
Precipitate based ion-selective membrane 
electrodes are well known as they are success-
fully employed for determination of several 
anions and cations [14]. The ion-exchange 
membranes obtained by embedding ion ex-
changers as electroactive materials in a polymer 
binder, i.e., epoxy resin (Araldite) or poly-
styrene or poly(vinyl chloride) (PVC), have 
been extensively studied as potentiometric sen-
sors, i.e., ion sensors, chemical sensors or more 
commonly ion selective electrodes. Besides the 
electrodes that respond directly to the change in 
concentration of particular ion for which it is 
made, a number of electrodes are used for 
indirect determination of certain ions. An at-
tempt has also been made to obtain a new 
heterogeneous precipitate based membrane elec-
trode by using the polyanifine Sn(IV) tung-
stoarsenate composite cation exchanger as elec-
troactive material for the determination of 
Cd(II) ions present in the solutions. This paper 
presents the preparative conditions, ion-ex-
change properties, physicochemical properties 
and analytical applications of this organic-inor-
ganic composite material used as a cation 
exchanger and Cd(Il) ion-selective membrane 
electrode. 
2. Experimental 
2.1. Reagents and Instniments 
The main reagents used for the synthesis of 
the material were obtained from CDH, Loba 
Chemie, E-Merck and Qualigens (India). All 
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Other reagents and chemicals were of analytical-
reagent grade. A digital pH-meter (Elico Ll-iO, 
India), Fourier transform infrared (FT-IR) spec-
trophotometer (Nicolet 400D, USA), an auto-
matic thermal analyzer (V2.2A DuPont 9900), 
an elemental analyzer (Carlo-Erba 1180), a 
double beam atomic absorpdon spec-
trophotometer (GBC 902, Australia), an electron 
microscope (LEO 435 VP) with attached imag-
ing device, a digital flame photometer (Elico CL 
22D, India), a UV-Vis spectrophotometer (EJico 
El 301E, India), a temperature controlled shaker 
and a digital potentiometer (Equiptronics EQ 
609, India) with a saturated calomel electrode as 
reference electrode were used. 
2.2. Preparation of the reagent solutions 
0.1 M Sodium arsenate (Na.HAsO^ • 7HjO) 
and sodium tungstate (Na2W64 • 2H2O) were 
prepared in demineralized water (DMW) while 
0.1 M stannic chloride (SnCU-SH^O) was 
prepared in 4 M HCl. Solutions of 10% (v/v) 
doubly distilled aniline (C^H^NH,) and 0.1 M 
potassium persulphate (K^SjOj^) were prepared 
in 1 M HCl. 
2.3. Preparation of polyaniline Sn(IV) 
tungstoarsenate 
At first, green colored polyaniline gels were 
obtained by mixing the acidic solutions of 10% 
aniline (C(,H5NH2) and 0.1 M potassium per-
sulfate (K.S^Og) in different volume rados with 
continuous stirring by a magnetic stirrer below 
J0°C for an hour. Inorganic precipitate ion 
exchanger gels of Sn(IV) tungstoarsenate were 
prepared at room temperature (25 ±2 °C) by 
adding the solution of 0.1 M stannic chloride to 
an aqueous mixture of O.i M sodium arsenate 
and 0.1 M sodium tungstate in different volume 
ratios and at different pH values. The white 
precipitates were obtained when the pH of the 
mixture was adjusted by adding ammonia water 
with constant stirring. 
After this, the gel of polyaniline was added to 
the inorganic precipitate of Sn(IV) tungstoarse-
nate and mixed thoroughly with constant stir-
ring. The resultant green colored gel was al-
lowed to settle overnight at room temperature 
(25±2 °C). The supernatant liquid was decanted 
and the gel was filtered under sucdon and 
washed with 1 M HNO3 to remove excess 
reagent. The excess acid was removed by 
washing with DMW and again washed with 
acetone by soxhlation. The materials were dried 
in an air oven at 50 °C for 48 h. The dry 
products were crushed into small granules of 
uniform size suitable for column separations 
when immersed in DMW. They were then 
treated with large excess of 1 M HNO3 for 24 h 
at room temperature with occasional shaking, 
intermittently replacing the supernatant liquid 
with a fresh acid to ensure the complete conver-
sion to the H^-form, The excess acid was 
removed after several washing with DMW. The 
materials were finally dried at 50 °C in the oven, 
sieving to obtain particles of a particular size 
range (-125 ixm) and kept in a desiccator. 
Hence, a number of samples of polyanihne 
Sn(lV) tungstoarsenate were prepared by chang-
ing the mixing volume ratios of the reagents. On 
the basis of appearance, percentage of yield, 
Na^ ion-exchange capacity and reproducibility, 
following sample was chosen for further 
studies: 
;ample 
;-i 
.Mixing 
Sii 
(0.1 M) 
1 
volume ratio 
w 
(0.1 M) 
1 
(0.1 M) 
1 
pH of the 
inorganic 
precipitate 
1.0 
K,S,0 , 
(0.1 M) 
1 
Aniline 
(10%) 
1 
Appearance 
of beads 
after drying 
Greenish 
granular 
Na'' 
ion-exchange 
capacity 
(mequiv. g ') 
1.67 
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2.4. Ion-exchange capacity 
A 1-g amount of the dry cation exchanger, 
sample S-l in the H^-form was placed in a 
glass column having an internal diameter (I.D.) 
~ ] cm and fitted with glass wool support at the 
bottom. The bed length was approximately 1.5 
cm long. 1 M alkah and alkahne earth metal 
nitrates as eluents were used to elute the H"^  
ions completely from the cation-exchange col-
umn, maintaining a very slow flow rate (-0.5 
ml min' ') . The effluent was titrated against a 
standard (0.1 M) NaOH solution and the ion-
exchange capacities in mequiv. g~ were as 
follows: Li \ 1.46; Na'', 1.67; K^, 1.54; Mg'"^, 
1.73; Ca'", 1.78; Sr'^, 1.86 and Ba'^, 2.03. 
2.5. pH-tilration 
pH-titrations were performed by the method 
of Topp and Pepper [15]. A total of 500 mg 
portions of the cation exchanger was placed in 
each of the several 250-ml conical flasks. 
I.O 2.0 3.0 4.0 5.0 
m m o l e s of O H ^ i o n s added >• 
Fig. I. pH-titration curves for polyaniline Sn(IV) tungstoarsenate 
composite cation exchanger with variou.s alkah metal hydroxides. 
followed by equimolar solutions of alkali metal 
chlorides and their hydroxides in different vol-
ume ratio, the final volume being 50 ml to 
maintain the ionic strength constant. The pH of 
the solution was recorded every 24 h until 
equilibrium was attained which needed ~5 
days, and pH at equilibrium was plotted against 
the milliequivalents of OH' ions added. The 
results are shown in Fig. 1. 
2.6. Chemical dissolution 
Portions (250 mg) of the cation exchanger in 
the H^-form were equilibrated with 25 ml each 
of different acids (such as HCl, HNO3, H2SO4, 
acetic acid, formic acid, oxalic acid and citric 
acid); bases (such as NaOH, KOH); organic 
solvents (such as /x-butanol, acetone, dimethyl 
sulfide) and also NH, and DMW for 24 h with 
occasional shaking. The supernatant liquid was 
analyzed for 'tin' and 'arsenic' by atomic 
absorption spectrophotometry (AAS), while 
'tungsten' was analyzed by the Vis spectro-
photometric method [16]. The results are sum-
marized in Table 1. 
2.7. Thermal stability 
To study the effect of drying temperature on 
the ion-exchange capacity, 1-g samples of the 
material in the H^-form were heated at various 
temperatures in a muffle furnace for 1 h each 
and the Na^ ion-exchange capacity was de-
termined by column process after cooling them 
at room temperature. The results in mequiv. g~ 
are given below: 1.67 (50 °C); 1.43 (lOOT); 
1.27 (200 °C); 0.92 (400 °C); 0.78 (500 °C); 
0.59 (600 °C). 
2.8. Chemical composition 
After dissolving in hot concentrated hydro-
chloric acid, the sample S-l was analyzed for 
'tin' and 'arsenic' by AAS and 'tungsten' by a 
standard spectrophotometric method. Carbon, 
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Table I 
The solubility of polyaniline Sn(IV) tungstoarsenate in various solvent systems 
Solvent 
(20 ml) 
Sn 
(mg/20ml) 
W 
(mg/20ml) 
As 
(ing/20 ml) 
4 M HNO, 
4 M HCI 
4 M H,SOj 
0.1 M NaOH 
0.1 M KOH 
1 M NH, 
I M NH.NO, 
I M CH,COOH 
I M CH,COONa 
1 M Citric acid 
I M Oxalic acid 
I M Forrriic Acid 
Dimethyl sulfide (DMS) 
n-Butanol 
Acetone 
DMW 
2.13 
5.99 
2.03 
16.31 
24.59 
13.84 
0.13 
0.69 
0.51 
7.02 
13.96 
0.21 
0.23 
0.48 
0.07 
0.05 
0.25 
1.03 
0.65 
13.-30 
35.86 
1.15 
0.53 
1.28 
1.13 
1.10 
4.40 
0.86 
0.08 
0.19 
0.63 
0.15 
1.27 
3.52 
1.31 
22.07 
36.41 
6.87 
1.80 
1.21 
2.20 
0.94 
8.31 
3.64 
1.48 
2.17 
0.51 
0.45 
hydrogen and nitrogen contents of the material 
were determined by elemental analysis. The 
percent composition of the material was: Sn, 
7.60; W, 11.85; As, 37.14; C, 9.00; H, 1.79; N, 
1.41. 
2.9. Selectivity studies 
The distribution coefficients (A^ -^values) of 
metal ions on the sample material (S-1) were 
determined by the batch method in various 
solvent systems. Various 200-mg portions of the 
exchanger in the H^-form were taken in Erlen-
meyer flasks with 20 ml different metal nitrate 
solutions in the required medium and kept for 
24 h with intermittent shaking or continuous 
shaking for 6 h in a shaker at 25 ±2 °C to attain 
equilibrium. The initial metal ion concentration 
was so adjusted that it did not exceed 3% of its 
total ion-exchange capacity. The metal ions m 
the solutions before and after equilibrium were 
determined by EDTA titration [17]. The alkali 
and alkaline earth metal ions (K^, Na^, Ca'^) 
were determined by flame photometry and some 
heavy metal ions, such as Pb "^^ , Cd ^, Cu'^, 
Cr'^, Hg'^, Ni'^, Mn'"" and Zn'^ were de-
termined by A AS. Distribution coefficients were 
calculated using the formula given as: 
mmol of metal ions/g of ion exchanger 
'' mmol of metal ions/ml of solution 
(ml ') 
i.e., K^, = (I-F)/FXV/M (ml g '), where / is 
the initial amount of metal ion in the aqueous 
phase, F is the final amount of metal ion in the 
aqueous phase, V is the volume of the solution 
(ml) and M is the amount of cation exchanger 
(g)-
2. JO. Quantitative separation of metal ions 
Quantitative separations of some important 
metal ions of analytical utility were achieved on 
'polyaniline Sn(IV) tungstoarsenate' (sample S-
1) column. A 2-g amount of the cation ex-
changer in the H -form was packed in an open 
glass column (35 cm height and -0.6 cm I.D.). 
After washing the column thoroughly with 
DMW, the mixture of two metal ions of 0.01 M 
each, was loaded on it, and was allowed to pass 
gently (maintaining a flow rate of 2-3 drops/ 
min) until the level was above the surface of the 
material. The process was repeated two or three 
times to ensure complete adsorption of the 
mixture on bead. The separation was achieved 
by passing a suitable solvent at a flow rate of 1 
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m] min through the column as eluent. The 
metal ions in the effluent were determined 
quantitatively by AAS and EDTA titration. 
2.11. Fabrication of ion selective electrode 
The cation exchanger (100 mg) was ground 
to a fine powder, and was mixed thoroughly 
with Araldite (Ciba-Geigy) (100 mg) on What-
man's filter paper No. 42, and a master mem-
brane of 0.35 mm thickness was prepared. A 
piece of membrane was cut out and fixed at one 
end of a pyrex glass tube (0.8 cm O.D. X0.6 cm 
I.D.) with Araldite. The tube was filled with 0.1 
M cadmium nitrate. A saturated calomel elec-
trode was inserted in the tube for electrical 
contact and another saturated calomel electrode 
was used as external reference electrode. The 
whole arrangement can be shown as: 
Internal reference 
electrode (SCE) 
Internal electrolyte 
Membrane 
(0.1 MCd 
Sample solution External reference 
electrode (SCE) 
In advance of measurements of the electrode 
potential (at 25±2°C) for a series of standard 
solutions of Cd(N03)2 (10"' M-10"' M), the 
membrane of the electrode was conditioned by 
soaking in 0.1 M Cd(N03)2 solution for 7 days 
and for 1 h at least before use. In order to study 
the characteristics of the electrode, the follow-
ing parameters were evaluated; lower detection 
limit, slope response curve, response time and 
working pH range. 
3. Results and discussion 
reproducible behavior and chemical and thermal 
stability. 
Polyaniline gel was prepared by oxidative 
coupling using K^S^O^ in acidic aqueous 
medium as given in the following reaction: 
4s 
2-[-
) - NH;;' i- 55208^--
NH NH—.1 
+ 12H + IOSO4 
The effect of temperature on the reaction 
seems to be very pronounced. Aniline under 
went oxidative coupling only at below 10 °C 
very efficiently, leading to a good quantity of 
polyaniline with fairly good yield. The forma-
tion of inorganic precipitate Sn(IV) tungstoarse-
nate was significantly affected by the pH of the 
mixture, and the most favorable pH of the 
mixture was -1.0. The preparation of the 
inorganic precipitate at pH lower or higher than 
1.0 lead to decrease in yield and ion-exchange 
capacity of the material. The mixing volume 
ratio of the mixture is also critical. The binding 
of polyanihne into the matrix of Sn(IV) tung-
stoarsenate can be shown as: 
x - + [ 
,Sn{iv)WAs 
matrix 
-NH—(i ) ^ - N H -
polyaniline 
NH-YC^V-NH—f X" 
polyaniline Sn(lV) tungstoarsenate 
In this work, various samples of new and 
novel polyaniline based 'organic-inorganic' 
composite ion-exchange materials were de-
veloped by incorporating polyaniline into inor-
ganic matrices of Sn(IV) tungstoarsenate. 
Among them, sample S-1 possessed high per-
centage of yield, better ion-exchange capacity. 
However, sample S-1 of polyaniline Sn(IV) 
tungstoarsenate exhibited high granulometric 
and mechanical properties, showing a good 
reproducible behavior as is evident from the fact 
that these materials obtained from various bat-
ches did not show any appreciable deviation in 
their ion-exchange capacities. It was also found 
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that the values of the H^-adsorption and H^-
liberation capacities are in close agreement. The 
ion-exchange capacity of the composite cation 
exchanger for alkah metal ions (except Na^) 
and alkaline earth metal ions increased accord-
ing to the decrease in their hydrated ionic radii. 
The column elution experiments indicated a 
dependence of the concentration of the eluent 
on the rate of elution, which is a usual behavior 
for such materials. The minimum molar con-
centration of NaNOj as eluent was 1 M for the 
maximum release of H' ions from 1 g of the 
cation exchanger. The elution was appreciably 
fast as on/y 140 ml of the effluent was sufficient 
for almost complete elution of the H" ions from 
its column within 5 h. This material possessed a 
better Na ion-exchange capacity (1.67 mequiv. 
g ' ) as compared to simple Sn(IV) tungstoarse-
nate (1.12 mequiv. g' ) and some other similar 
materials, i.e., double salts of tetravalent metals, 
prepared earlier (Table 2). 
The pH-titration curves obtained under 
equilibrium conditions for LiOH/LiCl, NaOH/ 
NaCl and KOH/KCl systems indicated bifunc-
tional behavior of the material as shown in Fig. 
1. It appears to be a strong cation exchanger as 
indicated by a low pH (~2.5) of the solution 
when no OH" ions were added to the system. 
The rate of H'^-Na^ exchange was faster than 
those of H^-K^ and H^-Li^ exchanges. The 
theoretical ion-exchange capacity for these ions 
was found to be -3.2 mequiv. g . 
The solubility experiments showed that the 
material has reasonably good chemical stability. 
As the results indicated that the material was 
resistant to 4 M HNO, and 4 M H^SO^ with 
higher solubility in NH, and in alkaline media 
and slightly higher solubility in HCl, citric acid 
and oxalic acid. The chemical dissolution in 
DMW, acetone, DMS, /i-butanol, formic acid, 
CH3COOH, CH3C00Na, NH4NO3 was almost 
negligible. This chemical stability may be due 
to the presence of binding polymer, which can 
prevent the dissolution of heteropolyacid salt or 
leaching of any constituent elements into the 
solution. On heating at different temperatures 
for 1 h, the ion-exchange capacity of the dried 
material decreased as the temperature increased. 
However, the material was found to possess 
higher thermal stability as it maintained about 
55% of the initial ion-exchange capacity by 
headng up to 400 °C. From a comparative study 
of heating effect on Na ion-exchange capacity 
of polyaniline Sn(IV) tungstoarsenate with 
those of other ion exchangers, as shown in Fig. 
2, it is apparent that this composite cation 
exchanger is more thermally stable than others. 
Scanning electron microscopy (SEM) photo-
graphs of Sn(IV) tungstoarsenate and polyani-
line Sn(rV) tungstoarsenate obtained at different 
magnifications (Fig. 3), indicating the binding 
of inorganic ion-exchange material by organic 
polymer, i.e., polyanihne. It has been revealed 
that Sn(IV) tungstoarsenate shows a plate like 
morphology. After the binding of polyaniline 
with Sn(IV) tungstoarsenate, the morphology 
has been changed. The detail analysis of these 
SEM photographs informs that its particle size 
may be about 3.0 |xm. The X-ray powder 
diffraction pattern of this cadon exchanger in 
original form (sample S-1) clearly exhibited the 
presence of two sharp peaks with o -^values 3.31 
A and 1.66 A at angles {26) 26.915 and 
55.210°, respectively, that suggesring a 
semicrystalline nature of the material. 
The thermogravimetry (TGA) analysis curve 
(Fig. 4) of the material .showed a continuous 
weight loss of mass (about 6.0%) up to 198 °C, 
which may be due to the removal of the external 
water molecules [20]. An inflection point ob-
served at 99.01 °C may be due to the formadon 
of ASjOjby removal of water molecules from 
inidal composidon ASTOJ-^HTO. Slow weight 
loss observed between 200 °C and 271 °C may 
be due to a slow decomposition of the material. 
Further weight loss between 275 °C and 672 °C 
may be due to complete decomposidon of the 
organic part of the material. At 675 °C onwards 
a smooth horizontal section which represents 
the complete formadon of the oxide form of the 
material. These transformadons have also been 
supported by differential thermal analysis 
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Fig. 2. Comparison of heating effect upon ion-exchange capacity. 
(DTA). The DTA curve indicates two exother-
mic peaks with maxima at 84.46 and 480.20 °C 
that confirm the removal of external water 
molecules and structural transformations, re-
spectively. 
The FT-IR spectrum of the exchanger in the 
H'*'-form indicated the presence of external 
water molecules in addition to the -OH groups 
and metal oxides present internally in the ma-
terial. In the spectrum two weak broad bands 
around 3500 cm' are found, which can be 
attributed to 0 -H stretching frequency. A 
medium band around 1600 cm can be attribu-
ted to H-O-H bending band, being also repre-
sentative of the strongly bonded -OH groups in 
the matrix [21]. The 0 -H stretching bands 
merge together and are shifted to lower fre-
quency in the spectrum of the exchanger. This is 
due to the possibility of H-bonding. The sharp 
peak around 1300 cm ' may represent the 
presence of [AsO^] ' group in the material. The 
additional band at about 1400 cm~ can be 
ascribed to stretching vibration of C-N [22]. 
This indicates that the material contains a 
considerable amount of aniline. It was also 
observed that there is no difference in the FT-IR 
spectra between the H^-form, Na^-form and 
original form of the sample S-l dried at 50 °C. 
The molar ratio of Sn, W, As, C, H and N in 
the material was estimated to be 
1:1:1.75:11.71:27.74:1.57, which can suggest 
the following tentative formula of the material: 
[(SnO^KWO.KAs^O,), ( - < = > - N H ' ) 2 ] • 
nHjO 
and its structure can be written as: 
H 
( - < 3 - N - < ^ - N H ) 
O O OH 
- II II I 
HO As O As O As O WQ^ 
. 0 S n _ 
I 
0 
1 
. O As _ I 
OH 
. O As = 0 
I 
Assuming that only the external water mole-
cules are lost, at 198 °C the -7.0% weight loss 
of mass represented by the TGA curve must be 
due to the loss of nHjO from the above 
structure. The value of '«', the external water 
molecules, can be calculated using Albert!'s 
equation [23]: 
18n=X(M+ 18n)/100 
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Fig. 4. Simultaneous TGA-DTA curve oi polyaiiiline Sn(IV) 
tungsloarseiiate (as prepared). 
where, X is the percent weight loss (-6.0%) in 
the exchanger by heating up to 198 °C, and 
(Af +18/?) is the molecular weight of the materi-
al. The calculation gives ~5 for the external 
water molecules («) per molecule of the cation 
exchanger (sample S-1). 
In order to explore the potentiality of the 
material in the separation of metal ions, dis-
tribution studies for 24 metal ions were per-
formed in seven solvent systems. It is apparent 
from the data given in Table 3 that the K^^-
values can vary with the composition and nature 
of the contacting solvents. On the basis of 
distribution studies, the most promising property 
of the materia] was found to be the high 
selectivity towards Cd(II), which is a major 
polluting metal in the environment. The sepa-
ration capability of the material has been dem-
onstrated by achieving some important binary 
separations such as Cd"^-Zn'^, Cd'^-Pb"^, 
Cd^'-Hg-
Cu'" and Mg' 
i2 + C d ' " - C r ' ^ Cd-Cd- -Mg-
Ba' . Table 4 summarizes the 
Table .3 
/fj-values ol' some metal ions on polyaniline Sn(lV) tung.stoarsenate in different solvent sy.steni.s 
•Metal 
ion 
. \ a ' 
K^ 
Uf' 
Ca" 
Sr-" 
Ba ' ' 
Cu'* 
Ni'^ 
Pb" 
Cd-' 
Mir"" 
Zi i " 
Wi-' 
Co-* 
Bi" 
Cr ' -
A l ' ' 
Fe"* 
La-* 
Th"" 
C/' 
Ag' 
ro;* 
Tl* 
DMW 
% 
446 
ii 
117 
198 
440 
180 
4(10 
2(1.^  
292(1 
2.11 
263 
13.1 
300 
1000 
767 
86 
100 
22.'i 
340 
122 
67 
75 
15.5 
1X10 ' M 
HNO,. 
pH 3 
33 
525 
35 
123 
140 
333 
180 
233 
600 
4228 
267 
350 
367 
275 
2200 
475 
71 
K3 
170 
360 
114 
92 
85 
10(1 
IXIO ' M 
HNO,. 
pH2 
100 
485 
35 
38 
39 
180 
170 
180 
100 
1400 
141 
281 
350 
44 
1100 
191 
40 
43 
155 
300 
75 
114 
107 
117 
IX 10 ' M 
HKO,. 
pH 1 
T[ 
295 
10 
32 
38 
50 
56 
25 
64 
450 
71 
275 
300 
30 
1000 
40 
44 
22 
63 
266 
40 
74 
130 
86 
0.1 M CH,COOH + 
0.1 MCHjCOONa 
(1:2,1 
9 
148 
84 
238 
767 
2500 
240 
300 
900 
544 
650 
400 
833 
5.50 
138 
38 
250 
300 
550 
130 
133 
44 
160 
100 
0.1 M CH,COOH + 
0.1 M C H , C O O N a 
(2:1) 
12 
192 
105 
217 
600 
2600 
600 
700 
500 
810 
700 
2067 
1500 
600 
600 
200 
440 
400 
767 
210 
300 
86 
245 
130 
0.1 M H N O , + 
0.1 M NHjNO, 
(1:1) 
20 
35 
5 
114 
14 
25 
8 
33 
210 
27 
50 
120 
243 
83 
667 
36 
140 
69 
13 
92 
7 
18 
56 
30 
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Table 4 
Some binary separations of metal ions achieved on the polyaniline Sn(IV) tungstoarsenate column 
Separations 
achieved 
Cd(II) 
Zn(II) 
Cd(II) 
Pb(I]) 
Cd(ll) 
Hg(II) 
Cd(!I) 
Mg(Ii) 
Cd(II) 
Cr(lII) 
Cd(Il) 
Cu(II) 
Mg(II) 
Ba(Il) 
Amount loaded 
(i^g) 
1686.0 
980.85 
1967.0 
2591.3 
1742.2 
1905.7 
1124.0 
364.7 
1686.0 
780.0 
1124.0 
635.5 
243.1 
1373.0 
Amount found 
(/xg) 
1663.5 
993.9 
1967.0 
2621.1 
1719.7 
1935.8 
1107.1 
370.7 
1674.7 
790.2 
1135.2 
627.9 
243.1 
1359.3 
% Error 
-1.4 
+ 1.3 
0.0 
-1.2 
-1.3 
+ 1.6 
-1 .5 
+ 1.7 
-0.7 
+ 1.3 
+ 1.0 
-1.2 
0.0 
-1 .0 
Eluent 
used 
A 
B 
A 
C 
A 
B 
A 
B 
A 
D 
A 
C 
B 
C 
Volume of 
eluent (ml) 
40 
50 
50 
50 
40 
50 
40 
60 
40 
60 
40 
50 
40 
50 
A = 0.1 M HNO,; B = DMW; C = O.I M HNO, + 0.1 M NH.NO, (1:1); D = 0.1 M CH,COOH + 0.1 M CH,COONa (1:2). 
salient features of these separations. It was also 
observed that Cd{ll) retained strongly on the 
cation exchanger column. The weakly retained 
metal ions appear out of the column faster than 
Cd(II) and Cd(II) was eluted after by HNO, 
solution. 
-log[Cd"l 
Fig. 5. Calibration curve for polyaniline Sn(IV) tungstoarsenate 
membrane electrode in aqueous solutions of Cd(N0,)2. 
The heterogeneous precipitate Cd(II) ion-
selective membrane electrode obtained from 
polyaniline Sn(IV) tungstoarsenate exchanger 
material gives linear response (Fig. 5) in the 
given range of 1 X 10~'-1 X 10"'* M with a 
slope of 27 mV per decade change in Cd(II) ion 
concentration and the slope value is nearly close 
to Nernstian value, 29.6 mV/concentration de-
cade for divalent cations. Below 1 X 10^ M, a 
non linear response was observed but the cali-
bration curve could be utilized for the determi-
nation of Cd(n) down to IXIO^'* M. A con-
stant potential was obtained after 25 s and it 
was also observed that the electrode potential 
remained unchanged within the pH range 3.0-
8.0. 
The selectivity coefficients, K,^^ ^ of various 
interfering cations for the Cd(II) ion-selective 
polyaniline Sn(IV) tungstoarsenate electrode 
were determined by the mixed solution method 
[24] and the following numerical values were 
obtained: 
A.A. Khan. MM. Alain I Reactive & Functional Polymers 55 (2003) 277-290 289 
Electrode 
PolyanilineSn(IV) 
tungsloarsenate 
Selectivity coefficients (A'^ .j 
Na* K" Mg'* 
0.02 0.03 0.02 
,'M)for 
Ca' ' 
0.06 
interfering 
Sr" 
0.08 
cation.s (IVI"*) 
C u " Mn''" 
0.09 0.03 
Zn"' 
0.04 
Pb ' ' 
0.18 
Hg'* 
0.07 
Al-'^  
0.04 
F e " 
0.05 
Thus the selectivity coefficient indicates; the 
extent to which a foreign ion (M"^) interferes 
with the response of the electrode towards its 
primary ion (Cd^"^). The results reveal that the 
electrode is selective for Cd(II) in presence of 
interfering cations. 
The analytical utility of this membrane elec-
trode has been established by employing it as an 
indicator electrode in the titration of 0.0] M 
Cd(N03)2 solution against 0.01 M EDTA solu-
tion. It was observed that a sharp rise in the 
titration curve occurs at the equivalence point 
(Fig. 6). It has been used in the determination of 
Cd'*^ ions in some synthetic samples containing 
a number of different metal ions as well as 
samples obtained from electroplating units and 
the error has been found as ±4-9%. 
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Abstract 
A new and novel electrically conducting 'polymeric-inorganic' composite cation-exchange material; polyaniline Sn(lV) 
tungstoarsenate was prepared by incorporating polyaniline into inorganic ion-exchanger material. It possessed improved ion-
exchange capacity, high chemical and thermal stabilities, reproducibility and selectivity for some specific metal ions. Kinetic study of 
exchange for some divalent metal ions of alkaline earths and transition metals was carried out under the conditions favoring a 
particle diffusion-controlled ion-exchange phenomenon and some physical parameters such as self diffusion coefficient DQ, energy of 
activation E„ and entropy of activation AS* were determined. The temperature dependence of electrical conductivity of this 
composite material with increasing temperatures was measured by using 4-in-line-probe DC electrical conductivity measuring-
technique. The conductivity values lie in the semiconductor region, i.e. in the range of 10"'' S cm~' that follow the Arrhenius 
equation. The energy of activation of electrical conduction for the composite was also calculated. 
1^  2003 Elsevier Science Ltd. All rights reserved. 
Keywords: Polymeric-inorganic composite material; Ion-exchange kinetics; Cation-exchanger; Polyaniline Sn(IV) tungstoarsenate; Electrical 
conductivity; Semiconductor 
1. Introduction 
Organic polymers as ion-exchangers are well known 
for their uniformity, chemical stability and control of 
their ion-exchange properties through synthetic meth-
ods. The inorganic ion-exchange materials besides other 
advantages are important in being more stable to high 
temperature and radiation field than the organic ones 
[1]. In order to obtain a combination of these advan-
tages associated with polymeric and inorganic materials 
as ion-exchangers, attempts have been made to develop 
polymeric-inorganic composite ion-exchangers by in-
corporation of organic monomers in the inorganic 
* Corresponding author. Tel.: +91-571-270-0920x456; fax; +91-
571-270-1260. 
E-mail address: mezbah@rediffmail.com (A.A. Khan). 
matrix [2]. Few such excellent ion-exchange materials 
have been developed in our laboratory and successfully 
being used in chromatographic techniques [3-5]. 
Kinetic studies of H(I)-metal ion exchanges on ion-
exchange materials are important for their analytical 
applications, since the kinetic studies of a reaction allow 
us to understand the mechanism, rate determining step 
and rate laws obeyed by a chemical process. Energy and 
entropy of activation (E.^ and AS*) are the fundamental 
properties of a system. These parameters help us to 
understand -the mechanism of interactions during ad-
sorption/exchange process. Hence it is important to deal 
with the kinetic behavior of the material for the 
exchange of various metal ions. Earlier kinetic studies 
made on inorganic ion exchangers are based on old Bt 
Criterion proposed by Boyd et al. [6] that should be 
useful only for an isotopic exchange process in which the 
0013-4686/03/$ - see front matter ,< 2003 Elsevier Science Ltd. All rights reserved. 
doi;10.1016/S0013-4686(03)00272-X 
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ions have similar effective diffusion coefficients. In a 
true ion-exchange phenomenon, the fluxes of at least 
two different ionic species with different mobilities are 
coupled with one another. Thus, a single diffusion 
coefficient cannot describe the actual process. In such 
a case, the non-linear Nernst-Planck equations should 
be applicable for a particle diffusion-controlled ion-
exchange with some additional assumptions [7] and 
more appropriate for obtaining the values of the various 
kinetic parameters [8,9] precisely. 
The electronic properties exhibited by solids are 
crucial in a large number of inorganic as well as 
organo-inorganic materials applications. These unique 
electronic properties result from their extended struc-
tures, where strong interactions between the atoms, ions 
or molecules occur throughout the lattice. In terms of 
conductivity, the behavior ranges from insulating 
through semiconducting to metallic and superconduct-
ing. Solid electrolytes, having conductivities of 1 0 ~ ' -
10^ ~ S cm^' , are required in several systems operating 
either with high current densities (electrolyzers, bat-
teries, etc.) or at very low current levels (gauges, 
electrochemical memories, coulometers, etc.) in order 
to avoid excessive Joule-heat losses or excessive cell 
impedance [10]. Furthermore, high conductivities are 
required for materials employed in the preparation of 
charged membranes [11] or in thermoelectric generators 
[12]. Only a few solid electrolytes are presently known to 
exhibit such a favorable conductance and most of them 
only at high temperature. From the known ion-ex-
change properties of a-type layered compounds and 
particularly since they exhibit solid-solid ion-exchange, 
it is expected the counter ions can move under an 
applied field [13]. 
Nowadays, researchers have shown much interest 
from both the solid-state scientific and inorganic 
chemical perspectives on the study of electrical conduct-
ing behavior of 'organo-inorganic' composite materials 
[14-21]. These novel materials have generated a large 
amount of interest in the field of synthetic metals. One 
of the most important goals of the research carried out 
on these materials is the preparation of a material that 
combines the mechanical and processing properties of a 
polymer with the electrical properties of a metal. In this 
regard, we have also concentrated our study on chemi-
cally prepared organo-inorganic composite cation-ex-
change materials that are developed by the 
incorporation of conducting polymers (polyaniiine, 
polypyrrole, etc.) into the matrices of inorganic ion-
exchangers of tetravalent metal acid salts. The following 
pages summarize the results of our studies on ion-
exchange kinetics for the exchange of some divalent 
metal ions and electrical conducting behavior of poly-
aniline Sn(IV) tungstoarsenate. 
2. Experimental 
2.7. Reagents and instruments 
The reagents used for the synthesis of material were 
obtained from CDH, Loba Chemie, E- Merck and 
Qualigens (India). All other reagents and chemicals 
were of p.a. grade. A water bath incubator shaker 
having a temperature variation of +0.5 °C was used for 
all equilibrium studies. A four-in-line probe electrical 
conductivity-measuring instrument. Scientific Equip-
ment (India), was used for measuring DC electrical 
conductivity. A hydraulic pressure instrument was used 
for making pellets of sample materials. An electronic 
balance (digital), Sartorius (Japan), model 21 OS was 
used for weighing purpose. 
2.2. Preparation of the reagent solutions 
0.1 M sodium arsenate (Na2HAs04-71120) and 
sodium tungstate (Na2W04-21120) were prepared in 
demineralized water (DMW) while 0.1 M stannic 
chloride (SnCl4-5H20) was prepared in 4 M HCl. 
Solutions of 10% (v/v) doubly distilled aniline 
(Cf,H5NH2) and 0.1 M potassium persulfate (K2S2O8) 
were prepared in 1 M HCl. 
2.3. Preparation of'polymerie-inorgariic' composite 
cation-exchanger 
At first, inorganic precipitate of Sn(lV) tungstoarse-
nate was prepared at room temperature (25 + 2 °C) by 
adding the soludon of 0.1 M stannic chloride to an 
aqueous mixture of 0.1 M sodium arsenate and 0.1 M 
sodium tungstate in the same volume ratio at pH ~ 1. 
The precipitate was obtained when the pH of the 
mixture was adjusted by adding aqueous ammonia 
with constant stirring. The gel of polyaniiine (green 
colored) was obtained by mixing equal volumes of the 
acidic solutions of 10% aniline and 0.1 M potassium 
persulfate with continuous stirring by a magnetic stirrer 
below 10 °C for an hour. 
After this, the gel of polyaniiine was added and mixed 
thoroughly with constant sdrring to the inorganic 
precipitate of Sn(IV) tungstoarsenate. The resultant 
green colored precipitate gel was allowed to settle 
overnight at room temperature (25 + 2 °C). The super-
natant hquid was decanted and the gel was filtered 
under suction and washed with 1 M HNO3 to ensure the 
removal of excess reagent. The excess acid was removed 
by washing with DMW and again washed with acetone 
by soxhalation. The material was dried in an air oven at 
50 °C for 48 h. The dry product was crushed into small 
granules of uniform size suitable for column separations 
when immersed in DMW. They were then treated with 
large excess of 1 M HNO3 for 24 h at room temperature 
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with occasional shaking, intermittently replacing the 
supernatant liquid with a fresh acid to ensure the 
complete conversion to H^-form. The excess acid was 
removed after several washing with DMW. The material 
was finally dried at 50 °C in the oven, sieving to obtain 
particles of a particular size range and stored in a 
desiccator. The ion-exchange capacity in meq g~' for 
various metals, determined by standard column process, 
were as follows: Li +, 1.46; Na +, 1.67; K +, 1.54; Mg" +, 
1.73; Ca-^^, 1.78; Sr' + , 1.86 and Ba" + , 2.03. 
2.4. Kinetic measurements 
The ion-exchanger sample in the H^-form was 
ground and then sieved to obtain particles of definite 
mesh sizes (25-50, 50-70, 70-100 and 100-125 ^m). 
Out of them the particles of mean radii ~ 125 ^m (50-
70 mesh) were used to evaluate various kinetic para-
meters. The rate of exchange was determined by limited 
bath technique as follows. 
Twenty-milliliter fractions of the 0.03 M metal ion 
solutions (Mg, Ca, Sr, Ba, Ni, Cu, Mn and Zn) were 
shaken with 200 mg of the cadon-exchanger in H """-form 
in several stoppered conical flasks at desired tempera-
tures [25, 33, 50 and 65 (±0.5) °C] for different time 
intervals (0.5, 1.0, 2.0, 3.0 and 4.0 min.). The super-
natant liquid was removed immediately and determina-
tions were made usually by EDTA titrations [22]. Each 
set was repeated four times and the mean values were 
taken for calculations. 
2.5. Electrical conductivity measurements 
The composite ion-exchange material was treated 
with 0.5 M aqueous HCl and washed for excess HCl 
with DMW repeatedly till the filtrate gave a negative 
test for hydrogen ions. Then the material (0.5 g) was 
finely ground in a mortar pastel and pellet was made at 
room temperature with the help of a hydraulic pressure 
instrument at 25 KN pressure for 20 min. The thickness 
of the pellet was measured by a micrometer. 
Four-probe electrical conductivity measurements with 
increasing temperature for the representadve samples 
(as prepared and HCl treated) were performed on 
pressed pellets by using a 4-in-line-probe DC electrical 
conductivity-measuring technique. The sample to be 
tested is placed on the base plate of four-probe 
arrangement and the probes were allowed to rest in 
the middle of the sample. A very gentle pressure is 
applied on the probes and then it was fighten in this 
position so as to avoid piercing of the probes into the 
samples. The arrangement was placed in the oven. The 
current was passed through the two outer probes and 
the floating potential across the inner pair of probes was 
measured. The oven supply is then switched on, the 
temperature was allowed to increase gradually while 
current and voltage was recorded with rise in tempera-
ture. 
3. Results and discussion 
3.1. Preparation of polycmiline Sn(IV) tungstoarsenate 
In this paper, a new and novel 'polymeric-inorganic' 
composite cation-exchanger, polyaniline Sn(IV) tung-
stoarsenate was chemically prepared, which possessed 
high ion-exchange capacity, reproducible behavior and 
high stabihty. Scanning electron microscopy (SEM) was 
performed on the material by LEO 435 VP microscope 
with attached imaging device at the magnifications of 
80 X and 1500 x that indicated the binding of inorganic 
material by organic polymer as shown in Fig. 1. The X-
ray powder diffraction pattern of this material clearly 
exhibited the presence of two sharp peaks with d-values 
3.31 A and 1.66 A at angles (26) 26.915 and 55.210°, 
respectively, that suggesting a semi crystalline nature of 
Fig. 1. Scanning electron microphotographs (SEM) of chemically 
prepared polyaniline Sn(IV) tungstoarsenate (as prepared) at the 
magnifications of (a) 80 x and (b) 1500 x . 
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Fig. 2, Powder X-ray diffraction pattern of polyaniline Sn(IV) tungstoarsenate (as prepared). 
the materia] (Fig. 2). The material has reasonably good 
chemical stabihty, as it was resistant to 4 M HNO3, 4 M 
H2SO4 and other organic solvents (acetone, DMS, n-
butanol, formic acid, CH3COOH, CHjCOONa). This 
material also thermally stable up to 150 °C and it 
retained about 55% of the initial ion-exchange capacity 
by heating up to 400 °C. 
After dissolving in hot concentrated HCl, the material 
was analyzed for Sn(IV) and arsenic by atomic absorp-
tion spectrophotometry and tungsten by VIS spectro-
photometric method [23]. Carbon, hydrogen and 
nitrogen contents of the cation-exchanger were deter-
mined by elemental analysis. The weight percent com-
position of the material was: Sn, 7.60; W, 11.85; As, 
37.14; C, 9.00;H, 1.79; N, 1.41. 
The FTIR studies performed on this material by a 
Nicolet 400D (USA) spectrophotometer indicated the 
presence of external water molecules in addition to the 
-OH groups and the metal oxide present internally in 
the composite material as evident from Fig. 3. External 
water molecules absorb around 1600 cm"' in addition 
to the usual range of 3500 cm ^ ' [24]. The medium sharp 
peak around 1300 cm ~' may represent the presence of 
[As04]^~ group in the material. The additional band at 
about 1400 cm^' can be ascribed to stretching vibration 
of C-N [25]. This indicates that polyaniline Sn(IV) 
tungstoarsenate contains a considerable amount of 
aniline. The TGA analysis carried out by an automatic 
thermal analyzer on heating the material at a constant 
rate (15 °C min~') in the air atmosphere showed a 
weight loss of 6% up to 198 °C, which may be due to 
removal of the external water molecules [26]. Further 
weight loss between 275 and 675 °C may be due to 
complete decomposition of the organic part. At 675 °C 
onwards, a smooth horizontal section that represents the 
complete formation of the oxide form of the material as 
shown in Fig. 4. Hence, composition studies indicated 
the molar ratio of Sn(IV), W, As, C, H, N and O in the 
material as 1:1:8:11.71:27.74:1.57. On the basis of this 
molar composition, the following tentative formula of 
the material can be suggested: [(Sn02) (WO3) (As205)4 
(-QH5 -NH-)2]nH20. 
3.2. Ion-exchange kinetics of polyaniline Sn(IV) 
tungstoar.senate 
Kinetic measurements were made under the condi-
tions favoring a particle diffusion-controlled ion-ex-
change phenomenon for the exchange of Mg(II)-H(I), 
Ca(II)-H(I), Sr(II)-H(I), Ba(II)-H(I), Ni(II)-H(I), 
Cu(II)-H(I), Mn(II)-H(I) and Zn(II)-H(I). The parti-
cle diffusion-controlled phenomenon is favored by a 
high metal ion concentration, relatively a large particle 
size of the exchanger and a vigorous shaking of the 
exchanging mixture. A study of the concentration effect 
on the rate of exchange at 33 °C showed that the initial 
rate of exchange was proportional to the metal ion 
concentration at and above 0.03 M. Below the concen-
tration of 0.03 M; the film diffusion was more promi-
nent. 
The results are expressed in terms of the fractional 
attainment of equilibrium U(T) with time according to 
the equation: 
the amount of exchange at time 't' ,,, 
t/(T) = — - -~-r^—r- (1) 
the amount of exchange at mfmite time 
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Fig. 3. FTIR spectra of polyaniline Sn(IV) tungstoarsenate (as prepared). 
Plots of U(x) versus time (/) in minutes, for all metal 
ions (Fig. 5) indicated that the fractional attainment of 
equilibrium was faster at a higher temperature suggest-
ing that the mobility of the ions increased with an 
increase in temperature and the uptake decreased with 
time. On the basis of Nernst-Plank equations the 
numerical results can be expressed by explicit approx-
imation [27,28]: 
U{x) = {1 - exp[r(/,(a)t +/2(«)^' +/3(«)^')]} 1/2 (2) 
where T is the half time of exchange = D/^t/rl, a is the 
mobility ratio = D^/Dg,Xo is the particle radius, D^ and 
Dg are the inter diffusion coefficients of counter ions A 
and B, respectively, in the exchanger phase. The three 
functions fi(o>.), fii^) and fi{a) depend upon the 
mobility ratio (a) and the charge ratio (Z^IZB) of the 
exchanging ions. Thus they have different expressions as 
given below. When the exchanger is taken in the H"*"-
form and the exchanging ion is M-+ andfor l < a <20, 
as in the present case, the three functions have the 
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values-
./,W = -
h^y-) = -
0.64 + 0.36a»^ 
The values of —log .D^ obtained by using equation (3) 
plotted against ]/T are straight lines as shown in Fig. 7, 
thus verifying the validity of the Arrhenius relation: 
D„ = D,exp(-EJRT) (4) 
0.96 - 2.0a"' 
0.27 + 0.09a' 
Each value of U{T) will have a corresponding value of r 
which is obtained on solving equation (2).The plots of T 
versus time (/) at the four temperatures as shown in Fig. 
6 are the straight lines passing through the origin, 
confirm the particle diffusion controlled phenomenon 
for M(II) H(I) exchanges at a metal ion concentration 
of 0.03 M. 
The slopes {S values) of various z versus time {/) plots 
are related to Dn as follows: 
S = Djrl (3) 
Dfl is obtained by extrapolating these lines and obser-
ving the intercepts at the origin. The activation energy 
(£•„) is then calculated with the help of the equation (4), 
putting the value of D^ at 273 K. The entropy of 
activation (/IS*) was then calculated by substituting DQ 
in equation (5). 
DQ = 2J2d^kT/hexpiAS*/R) (5) 
where d is the ionic jump distance taken as 5 A [8], k is 
the Boltzmann constant, R is the gas constant, h is the 
Plank's constant and T is taken as 273 K. The values the 
diffusion coefficient (Do), energy of activation (£„) and 
entropy of activation (AS*) thus obtained are summar-
ized in Table 1. 
Table 1 
Values of £)„, E„ and AS* for the exchange of H(I) with some metal ions on polyaniline Sn(lV) tungstoarsenate 
Metal ion exchange with H(I) Ionic mobility (nr V ' s ') 
Mg(II) 
Ca(II) 
Sr{ll) 
Ba(n) 
Cu(Il) 
Ni(II) 
Zn(!I) 
Mndl) 
55x10 " 
62 X 10^ ' 
62 X 10" ' 
66 X 10^'' 
57x 10- '' 
52 X 10-" 
56 X 10* ' 
55 X 10 ' " 
Ionic radii (nm) 
7.8 X IQ--
10.6 X 10*-
12.7 X 1 0 -
14.3 X 10--
7.0 X 10- -
7.8 X 10--
8 . 3 x 1 0 - -
9.1 X 10~-
D o ( m - s - ' ) 
1.66x 1 0 - " 
1.48 X 10-'-' 
1.29x10-'- ' 
2,51 x lO- ' - ' 
5,01 x l O - " 
2.95x10- ' - ' 
2 .37x10- ' - ' 
3,16 X 1 0 - " 
£„ (kJ mol" ') 
12.65 
12.62 
13.12 
14,63 
15.73 
14.74 
14.66 
14.58 
z lS*(kJ - ' m o r ' ) 
-141.07 
-142.03 
-143.18 
-137.63 
-131.88 
-136.29 
-138.11 
-135.71 
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Fig. 6. Plots of r vs. / (time) for different M(II)-H(I) exchanges at different temperatures on polyaniline Sn(lV) tungstoarsenate composite cation-
exchanger: ( A ) 25 C. ( • ) 33 X , (O) 50 C. ( A ) 65 C. 
The kinetic study reveals that equihbrium is attained 
faster at a higher temperature (Fig. 5), probably because 
of a higher diffusion rate of ions through the thermally 
enlarged interstitial positions of the ion-exchange ma-
trix. The particle diffusion phenomenon is evident from 
the straight lines passing through the origin for the r 
versus time (r) plots, as shown in Fig. 6. Negative values 
of entropy of activation suggest a greater degree of order 
achieved during the forward ion-exchange [M(II)-H(I)] 
process. 
3.3. Electrical conducting behavior of polyaniline Sn(IV) 
tungstoarsenate 
Electrical conductivities of the pellets of polyaniline 
based Sn(IV) tungstoarsenate composite (as prepared 
and HCl treated) were determined from the measure-
ment of conductivity of the samples using the four-
probe method of conductivity measurement for semi-
conductors. That is the most satisfactory method as it 
overcomes difficulties, which are encountered in con-
ventional methods of conductivity measurement (i.e. 
two probe), e.g. the rectifying nature of metal- semi-
conductor contacts and the injection of minority carriers 
by one of the current carrying contacts, which affects the 
potential of other contacts and modulate the conduc-
tance of the material, etc. 
The current-voltage data so generated at increasing 
temperatures for the determination of electrical con-
ductivity of the composite sample were processed for 
calculation of electrical conductivity using the following 
equation: 
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Fig. 7. Plots o f - l o g / 5 „ vs. 1000/T(K)for(a)Mg(n): • . C a ( I I ) ; 0 , Ba(II): A,Sr(II): A , and (b) Mn(lI): D. Ni(II): Q. Cu(II): x . Zn(II): • , on 
polyaniline Sn(lV) tungsioaisenale composite cation-exchanger. 
a=G^{W/S)/a, (6) 
where a is the electrical conductivity in S cm" ' , G-]{WI 
S) is the correction factor used for the case of non-
conducting bottom surface and it is a function of W, 
thickness of the sample under test (cm) and S, probe 
spacing (cm); i.e. 
G^(WIS) = (2S/W)\og,2 (7) 
0-0 = / / K X InS (8) 
where / is the current (A) and V is the voUage (V). The 
variations of electrical conductivity {a) of the samples 
by raising temperatures (between 35 and 200 'C) are 
carried out. On examination, it was observed that the 
electrical conductivity of the samples increase with the 
increase in temperature and the values lie in the range of 
lO""* S cm^' , i.e. in the semiconductor region. 
To determine the nature of dependence of electrical 
conductivity on temperature plots of logo- versus lOOO/T 
(K) were drawn (Fig. 8) and they followed Arrhenius 
equation similar to other semiconductors [29]. The 
energies of activation of electrical conduction for the 
composite samples (as prepared and HCl treated) 
calculated from the slopes of the Arrhenius plots were 
0.13 and 0.12 eV, respectively. 
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Fig. 8. Arrhenius plots for polyaniline Sn(IV) tungstoarsenate composite material. 
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Fig. 9. Arrhenius plot of retention of DC electrical conductivity for polyaniline Sn(IV) tungstoarsenate (HCl treated) during heating-cooling cycles 
up to 200 °C, 
The stability of the material (HCl treated) in terms of 
electrical conductivity retention was monitored for five 
cycles by repeatedly measuring linear four-probe DC 
electrical conductivity with increase in temperature at an 
interval of 1 h and the DC conductivity for each heating 
cycle was plotted as log a versus 1000/T (K) as shown in 
Fig. 9. It was observed that each plot followed the 
Arrhenius equation for its temperature dependence. 
There was minor difference in their electrical conductiv-
ity even after repeating the experiment for five times that 
showed the good stability of the material during 
heating-coohng cycles under severe oxidizing condi-
tions up to 200 °C. The material was also observed to be 
a stable material, i.e. the room temperature conductivity 
is negligibly affected by short-term exposure to labora-
tory air as evident from Fig. 10. 
4. Conclusion 
Inorganic precipitate Sn(IV) tungstoarsenate modi-
fied by incorporation of polyaniline behaves as an 
eJectricaJJy conducting composite cation-exchanger. 
The feasibility of ion-exchange behavior has been 
justified by determining various physical parameters in 
kinetic studies. The chemical, thermal and mechanical 
30 40 
Time idavs) 
60 70 
Fig. 10. Conductivity vs. time of exposure to laboratory air for polyaniline Sn(lV) tungstoarsenate composite material (HCl treated). 
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Strength of this electroactive material can be utilized to 
make its ion-selective membrane electrode for the 
selective determination and separation of heavy metal 
ions in the solutions. It is highly selective for Cadmium 
(a major toxic element), as shown from the selectivity 
studies [30] performed in our laboratory, which makes it 
important for the environmentalists. The electrical 
semiconducting behavior of this polymeric-inorganic 
hybrid material can also be employed as a semiconduc-
tor in electrical and electronic devices. Compared with 
other ion-exchange materials of this class, it offers good 
environmental and economical advantages. 
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12 Abstract 
13 A new phase of 'organic-inorganic ' composite system, polypyrroie polyantimonic acid, prepared by mixing the inorganic precipitate of 
14 hydrated antimony oxide with organic conducting polymer i.e., polypyrroie, providing a novel granular form hybrid cation-exchanger suitable 
15 for column operation with better chemical and thermal stability, good ion-exchange capacity, reproducibility and selectivity for heavy metals. 
16 The physicochemical properties of this material were studied using elemental analyses, AAS, SEM, XRD, FTIR and simultaneous TGA-DTA 
17 studies. Ion-exchange capacity, pH-titrations, elution and distribution behavior were also carried out to characterize the material. Distribution 
18 studies revealed the cation-exchange material to be highly selective for Hg(II) and its selectivity was performed by achieving some important 
19 binary separations like Hg^^-Zn^^, Hg^+-Ni^+, Hg^+-Cu^+, Hg^+-Fe^+, Hg^+-Cd^+, Hg^+-Mg^+ etc. on its column. Using this electroactive 
20 composite material, a new heterogeneous precipitate based selective ion-sensitive membrane electrode was fabricated for the determination 
21 of Hg([I) ions in solutions. The membrane electrode is mechanically stable, with a quick response time, and can be operated within a wide pH 
22 range. The selectivity coefficients for different cations determined by mixed solution method were found to be less than unity The electrode 
23 was also found to be satisfactory in electrometric titrations. 
24 © 2003 Published by Elsevier B.V. 
25 Keywords: Organic-inorganic composite material; Hybrid cation-exchanger; Polypyrroie polyantimonic acid; Hg(II) ion-sclcctive membrane electrode 
26 1. Introduction 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
Compos i t e mater ia ls formed by the combinat ion of in-
organic mater ia ls and organic po lymers are attractive for 
the purpose of crea t ing high per formance or high fiinctional 
po lymer ic mater ia l s that are expected to provide many poss i -
bilities, t e rmed as ' o r g a n i c - i n o r g a n i c ' hybrid mater ia ls . A c -
cordingly, hybr ids can be used to modify organic p o l y m e r 
mater ia ls or to modify inorganic mater ia ls that exhibit very 
different proper t ies from their original componen t s (organic 
po lymer and inorganic mater ia ls) , especial ly in the case of 
molecular level hybr ids [ 1 - 5 ] . These hybrid mater ia ls should 
be cons idered as next genera t ion compos i te mater ials that 
• Corresponding author Tel.: -F91-571-2720323. 
E-mail address: asifkhan42003@yahoo.com (A.A. Khan). 
will encompass a wide variety of appl ica t ions . S o m e im- 38 
provements of the propert ies or modif icat ions of these ma- 39 
terials have been explored from the v iewpoin t of industrial 40 
applicat ions, 41 
In order to achieve stable mater ia l s with chromatograph ic 42 
propert ies interest has been genera ted in ' o r g a n i c - i n o r g a n i c ' 43 
composi te ion-exchange mater ia ls . A n inorganic precipi ta te 44 
ion-exchanger based on organic p o l y m e r i c mat r ix mus t be 45 
an interesting material , as it should posses s the mechanica l 46 
stability due to the p resence of organic po lymer i c species 47 
and the basic characteris t ics of an inorgan ic ion-exchanger 48 
regarding its some selectivity for s o m e par t icular metal 49 
ions [ 6 - 1 6 ] , It was therefore cons idered to synthes ize such 50 
hybrid ion-exchangers wi th a good ion -exchange capacity, 51 
high stability, reproducibi l i ty and select ivi ty for heavy meta l 52 
ions, indicat ing its usefitl envi ronmenta l appl icat ion. A n u m - 53 
ber of o rgan ic - inorgan ic compos i te samples o f po lypyr ro ie 54 
1 0003-2670/$ - see front matter 
2 doi:W.IOI6/i.3cs.2003.10.054 
2003 Published by Elsevier B.V. 
ACA 224979 1-12 
A.A. Khan. MM. Alam/Analytica Chimica Adaxxx (2003) xxx-xxx 
55 polyant imonic acid have been synthesized in our laboratory 
56 that possessed such characteristics and high selectivity for 
57 mercury. 
58 Mercury is considered as highly toxic element and re-
59 sponsible for several cases of poisoning through water, 
60 food and smoking . It finds extensive use in chlor-alkali 
61 industry (for the manufacture of CI2 and N a O H ) , elec-
62 trical and electronic industries (in manufacture of mer-
63 cury vapor lamps and fluorescent tubes, batteries, electric 
64 switchgears, etc.) , plast ics industry (in the manufacture of 
65 vinyl chloride), paper and pulp industry and pharmaceutical 
66 industries. Hence the effluents from these industries pose 
67 environmental hazard. Organomercurials used as fimgi-
68 cides for seed dressing in agriculture are also a widespread 
69 source of pollut ion. Combust ion of fossil fuels is the main 
70 source of air pollut ion by mercury. This e lement is n o w 
71 most ly used as filling material for dental cavities as silver 
72 amalgam. 
73 Mercury contaminat ion in drinking water inhibits the 
74 function of certain enzymes necessary for the formation 
75 in bone mar row of haem, the pigment that combines with 
76 protein to form haemoglobin . Its vapor, on inhalation, en-
77 ters the brain through the blood stream and causes severe 
78 damage to the central nervous system. Inorganic mercuric 
79 compounds main ly attack liver and kidney. Mercuric chlo-
80 ride is corrosive and, when ingested, precipitates proteins 
81 of the mucous membrane causing ashen appearance of 
82 the mouth, pharynx and gastric mucosa. Organic mer-
83 ciirials are the mos t toxic substances; the CHsHg"*" can 
84 pass through the placental barrier and enter the foetal tis-
85 sues. This can cause irreversible damage to the central 
86 nervous system in the babies b o m to mothers exposed to 
87 poisoning by C H 3 H g + . This compound may even lead 
88 to chromosomal segregation, chromosome disruption and 
89 inhibition of cell division. Hg is therefore a potential pol-
90 lutant in the environment . The utility of this composi te 
91 cat ion-exchanger has been explored for the quantitative 
92 separation of Hg-"*" from some binary mixtures on its 
93 column. 
94 Precipitate based ion-selective membrane electrodes are 
95 well known as they are successfully employed for determi-
96 nation of several anions and cations [17]. The ion-exchange 
97 membranes obtained by embedding ion-exchangers as elec-
98 troactive materials in a polymer binder, i.e. epoxy resin 
99 (Araldite) or polystyrene or P V C , have been extensively 
100 studied as potent iometr ic sensors, i.e. ion sensors, chem-
101 ical sensors or more commonly ion-selective electrodes. 
102 An attempt has also been made to obtain a new heteroge-
103 neous precipitate based membrane electrode by using the 
104 polypyrrole polyant imonic acid composi te cat ion-exchanger 
105 as electroactive material for the determination of Hg(II) ions 
106 present in the solut ions. This paper presents the preparative 
107 conditions, ion-exchange properties, physicochemical prop-
108 erties and analytical applications of this composi te material 
109 used as a cat ion-exchanger and Hg(II) ion-selective mem-
110 brane electrode. 
2. Experimental 111 
2.1. Reagents and instruments 112 
The main reagents used for the synthesis of the mate- 113 
rial were obtained from CDH, Loba Chemie, E-merck and 114 
Qualigens (India). All other reagents and chemicals were of 115 
analytical reagent grade. A digital pH-meter (Elico LI-10, In- 116 
dia), FTIR spectrophotometer (Nicolet 400D, USA), an au- 117 
tomatic thermal analyzer (V2.2A DuPont 9900), an elemen- 118 
ta! analyzer (Carlo-Erba 1180), a double beam atomic ab- 119 
sorption spectrophotometer (GBC 902, Australia), an elec- 120 
tron microscope (LEO 435 VP, Australia) with attached 121 
imaging device, a digital flame photometer (Elico CL 22D, 122 
India), a UV-Vis spectrophotometer (Elico EI 301E, India), 123 
a temperature controlled shaker and a digital potentiometer 124 
(Equiptronics EQ 609, India) with a saturated calomel elec- 125 
trode as reference electrode were used. 126 
2.2. Preparation of inorganic precipitate of 
polyantimonic acid 
127 
128 
The products of polyant imonic acid were obtained by 129 
dissolving 0.05 to 0.2 mol of potassium pyroant imonate in 130 
5.8 M HCl. The solutions were kept overnight at room tem- 131 
perature (25 ± 2 ° C ) and some solutions were refluxed for 132 
16 h and thereafter neutralized with cone. N H 4 O H until a 133 
residual acidity of 0.75 M HCl was obtained. A white gel 134 
was obtained in each case. 135 
2.3. Preparation of polypyrrole polyantimonic acid 136 
composite cation-exchanger 137 
Approximately 3 3 . 3 3 % solutions of pyrrole (in CCI4) in 138 
different ratios were mixed thoroughly with the inorganic 139 
precipitates of polyant imonic acid, to which 0.1 M F e C b i4o 
(ferric chloride) solutions prepared in deminera l ized water 141 
( D M W ) were added drop wise. Cont inuous stirring was done 142 
during the addition of ferric chloride solut ions, slowly the 143 
white inorganic precipitate gels turned first green and then 144 
black. The reaction mixtures were then kept for 24 h under 145 
ambient conditions ( 2 5 ± 2 °C) . N o w these polypyrrole based 146 
composi te gels were filtered off; washed with 0.75 M HCl 147 
and then washed thoroughly with D M W to remove excess 148 
acids and any adhering traces of ferric chloride. After filtra- 149 
tion the gels were dried at 50 °C in an air oven for 4 8 h. The 150 
products were again washed with acetone by soxhlat ion and 151 
finally dried at 50 °C. The dried products were immersed 152 
in D M W to obtain small granules. These were converted to 153 
the H + form by placing them in 0.5 M HNO3 solution for 154 
24 h with occasional shaking intermittently, replacing the 155 
supernatant liquid with a fresh acid. The excess acid was 156 
removed after several washings with D M W and again the 157 
materials were dried at 50 °C and sieving to obtain particles 158 
of particular size range ( ~ 1 2 5 ixm) and kept in a desiccator. 159 
Hence, a number of composi te cat ion-exchanger samples 160 
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Table 1 
Synthesis of various samples of polypyrrolc polyantimonic composite cation-exchanger 
Samples 
S-1 
S-2 
S-3 
S-4 
S-5 
"8-6 
=•5-7 
= S-8 
S-9 
S-10 
Molarity of 
KSb(0H)6 (M) 
0.1 
0.1 
0.1 
0.05 
0.2 
0.1 
0.1 
0.1 
0.1 
-
Mixing volume ratio (v/v) 
KSb(0H)6 in 
5.8 M HCl 
solution 
-
Residual acidity 
the inorganic 
ot 
precipitate (M HCl) 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
-
Pyrrole in 
ecu 
(33.33%) 
0.015 
0.030 
0.045 
0.030 
0.030 
0.015 
0.030 
0.045 
-
1 
FeCh 
(0.1 M) 
0.3 
0.4 
0.5 
0.3 
0.5 
0.3 
0.4 
0.5 
-
10 
Appearance of the 
beads after drying 
Blackish granular 
Blackish granular 
Blackish granular 
Blackish granular 
Blackish granular 
Blackish granular 
Blackish granular 
Blackish granular 
White granular 
Black powder 
Ion-exchange capacity 
for Na+ (meq g ') 
2.90 
3.19 
2.75 
2.84 
3.10 
2.43 
2.91 
2.54 
2.83 
0.05 
Refluxed for 16h. 
161 of polypyiTole polyantimonic acid were prepared by chang-
162 ing the mixing volume ratios of the reagents. On the basis 
163 of Na"*" ion-exchange capacity and physical appearance of 
164 beads, sample S-2 (Table 1) was chosen for fiirther studies. 
165 2.4. Ion-exchange capacity (lEC) 
166 
167 
168 
169 
170 
171 
172 
173 
174 
175 
176 
178 
179 
182 
183 
185 
187 
One gram of the dry cation-exchanger, sample S-2 in 
H+-form, was taken into a glass column having an inter-
nal diameter (i.d.) ~1 cm and fitted with glass wool support 
at the bottom. The bed length was approximately 1.5 cm 
long. Alkali and alkaline earth metal nitrates (0.8 M) as elu-
ants were used to elute the H+ ions completely from the 
cation-exchange column, maintaining a very slow flow rate 
(~0.5 ml min~') . The effluent was titrated against a standard 
(0.! M) NaOH solution and the ion-exchange capacities in 
m e q g - ' were: Li+, 2.63; Na+, 3.19; K+, 3.25; Mg2+, 3.41; 
Ca2+, 3.79; S,?+, 4.05 and B??+, 3.76. 
177 2.5. pH-titration 
pH-titrations were performed by the method of equi-
librium process [9]. A total of 500mg portions of the 
cation-exchanger were placed in each of the several 250 ml 
conical flasks, followed by equimolar solutions of alkali 
metal chlorides and their hydroxides in different volume 
ratio, the final volume being 50 ml to maintain the ionic 
strength constant. The pH of the solution was recorded ev-
ery 24 h until equilibrium was attained which needed ~ 7 
days, and pH at equilibrium was plotted against the mil-
liequivalents of O H " ions added. The results are shown in 
Fig. 1. 
189 2.6. Chemical dissolution 
190 Two hundred and fifty milligrams portions of the 
191 cation-exchanger in H+-form were equilibrated with 25 ml 
192 each of different solvents for 24 h with occasional shak-
193 ing. The supernatant liquid was analyzed for 'antimony' 
by Vis spectrophotometric method [18]. The results are 9^4 
summarized in Table 2. 195 
2.7. Chemical composition 
After dissolving in concentrated hydrochloric acid, the 
sample S-2 was analyzed for 'antimony' by Vis spectropho-
tometric method. Carbon, hydrogen and nitrogen contents 
of the material were determined by elemental analysis. The 
weight percent composition of the material was: Sb, 54.46; 
C, 10.29; H, 2.58; N, 2.92 and O, 29.75. 
2.8. Thermal studies 
196 
197 
198 
199 
200 
201 
202 
203 
To Study the effect of drying temperature on the lEC, 1 g 204 
samples of the material in H"'"-fonn were heated at various 205 
12 
0,5 1 1.5 
m moles of OH" 
2 2.5 
ions added — 
3.5 
Fig. 1. pH-trtration curves for polypyrrolc polyantimonic acid composite 
cation-exchanger with various alkali metal hydroxides. 
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Table 2 
The solubility of polypyrrole polyantimonic acid composite in various 
solvent systems 
Solvent (25 ml) 
2 M HNO3 
4M HNO3 
2M HCl 
4M HCl 
2M H2SO4 
4M H2SO4 
2 M H a 0 4 
4M HCIO4 
0.1 M NaOH 
0.1 M KOH 
Sb 
(mg/25 ml) 
6.32 
36.1 
6.74 
34.7 
4.38 
24.0 
4,13 
22.6 
28.3 
45.0 
Solvent (25 ml) 
IM NH3 
1 M NaNOs 
1 M CH3COOH 
1 M Citric acid 
1 M Oxalic acid 
1 M Formic acid 
Dimethyl sulphoxidc 
(DMSO) 
/j-Butanol 
Acetone 
DMW 
Sb 
(mg/25 ml) 
25.5 
1.31 
2.40 
17.3 
15.2 
n.d. 
8.64 
14.0 
n.d. 
1.35 
n.d. = not di.«olved. 
206 temperatures in a muffle furnace for 1 h each and the Na+ 
207 ion-exchange capacity was determined by column process 
208 after cooling them at room temperature. The results are given 
209 in Table 3. 
210 Simultaneous TGA-DTA studies were also carried out on 
211 heating the sample material S-2 (as-prepared) up to 800 °C 
212 at a constant rate (~15 °C/min) in the air atmosphere. Fig. 2 
213 shows the TGA-DTA curves of the cation-exchange mate-
214 rial. 
215 2.9. FTIR studies 
216 The FTIR spectrum of the sample S-2 (as-prepared) dried 
217 a t50°Cwas taken by KBr disc method and is given in Fig. 3. 
218 2.10. X-ray studies 
219 Powder X-ray diffraction pattern of the material S-2 
220 (as-prepared) was recorded by a PW 1710 based diflfrac-
221 tometer (Phillips, Holland) with C u K a radiation and is 
222 shown in Fig. 4. 
223 2.11. SEM (scanning electron microscopy) studies 
224 SEM was performed on ground materials by an electron 
225 microscope at various magnifications. Fig. 5 presents the 
226 microphotographs of samples S-2 and S-9. 
2.12, Sorption (selectivity) studies 
The distribution coefficients (ATa-values) of metal ions on 
the sample material (S-2) were determined by batch method 
in various solvent systems. Various 200 mg portions of the 
exchanger in the H^-form were taken in Erienmeyer flasks 
with 20 ml different metal nitrate solutions in the required 
medium and kept for 24 h with intermittent shaking or con-
tinuous shaking for 6 h in a shaker at 25 ± 2 °C to attain equi-
librium. The initial metal ion concentration was so adjusted 
that it did not exceed 3% of its total ion-exchange capacity. 
The metal ions in the solutions before and after equilibrium 
were determined by EDTA titration [19]. The alkali and al-
kaline earth metal ions (K+, Na+, Ca^+) were determined by 
flame photometry and some heavy metal ions, such as Pb "^*", 
Cd2+, CM^+, Cr3+, Hg2+, Ni2+, Mn2+ and Zn2+ were de-
termined by AAS. Distribution coefficients were calculated 
using the formula given as: 
mmoles of metal ions/g of ion-exchanger 
Kd = ; , , ^— (ml; 
mmoles of metal ions/ml of solution ') 
Ki = 
- F 
F X V/M 
(mlg-') 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
where / is the initial amount of metal ion in the aqueous 246 
phase, F is the final amount of metal ion in the aqueous 247 
phase, V is the volume of the solution (ml) and M is the 248 
amount of cation-exchanger (g). 249 
2.13. Quantitative separation of metal ions 250 
Quantitative separations of some important metal ions 251 
of analytical utility were achieved on 'polypyrrole polyan- 262 
timonic acid' (sample S-2) column. Two grams of the 253 
cation-exchanger in H+-form was packed in an open glass 254 
column (35 cm height and ~0.6 cm i.d.). After washing the 255 
column thoroughly with DMW, the mixture of two metal 256 
ions of 0.01 M each, was loaded on it, and was allowed to 257 
pass gently (maintaining a flow rate of 2-3 drops/min) till 258 
the level was above the surface of the material. The process 259 
was repeated two or three times to ensure complete adsorp- 260 
tion of the mixture on bead. The separation was achieved 261 
by passing a suitable solvent at a flow rate of 1 mlmin" ' 262 
through the column as eluant. The metal ions in the 
Table 3 
Thermal stability of polypyrrole polyantimonic acid after heating to various temperatures for 1 h 
Drying 
temperature (°C) 
50 
100 
150 
200 
400 
500 
600 
Change in color 
Black 
Black 
Black 
Black 
Light black 
Pale yellow 
Pale yellow 
Weight loss 
(%) 
0.0 
1.24 
3.83 
5.82 
16.77 
22.55 
23.66 
Na+ ion-exchange 
capacity (meq 
3.19 
3.17 
3.14 
3.09 
1.86 
1.91 
1.89 
dryg ') 
Retention of 
lEC (%) 
100 
99.37 
98.43 
96.87 
57.10 
59.88 
59.24 
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Fig. 2. Simultaneous TGA-DTA curves of polypyrrole polyantimonic acid (as-prepared). 
263 effluent were determined quantitatively by AAS and EDTA 
264 titration. 
265 2.14. Fabrication of ion-selective electrode 
266 The cation-exchanger (400 mg) was ground to fine pow-
267 der, and was mixed thoroughly with PVC (E-Merck) solu-
tion (0.17 g PVC dissolves in 6 ml THF), and a master mem- 268 
brane of 0.31 mm thickness was prepared. A piece of mem- 269 
brane was cut out and fixed at one end of a Pyrex glass tube 270 
(o.d. 0.8 cm, i.d. 0.6 cm) with Araldite. The tube was filled 271 
with 0.1 M mercuric nitrate. A saturated calomel electrode 272 
was inserted in the tube for electrical contact and another 273 
saturated calomel electrode was used as external reference 
2000.0 800.0 
Wave numbers (cm") 
Fig. 3. FTIR spectaim of polypyrrole polyantimonic acid (as-prepared). 
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40 60 
26 ( ° ) 
Fig. 4. X-ray diffraction pattern of polypyrrolc polyantimonic acid (as-prepared). 
(a.) (a') 
Fig. 5. Scanning electron micropliotographs (SEM) of polyantimonic acid at the magnifications of 43x (a) and 2500 x (a'), and polypyrrolc polyantimonic 
acid at the magnifications of lOOx (b) and 2500x (b'). 
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278 electrode. The whole arrangement can be shown as: 
276 Intemalreferenceelectrode(SCE)|Intemalelectrolyte 
277 X (0.1 MHg^+)|Membrane|Samplesolution| 
278 X Extemalreferenceelectrode(SCE) 
279 
280 
281 
282 
283 
284 
285 
286 
In advance of measurements of the electrode potential (at 
25 ± 2 °C) for a series of standard solutions of Hg(N03)2 
(10~^to 10~' M), the membrane of the electrode was condi-
tioned by soaking in 0.1 M Hg(N03)2 solution for five days 
and at least for 1 h before use. In order to study the char-
acteristics of the electrode, the following parameters were 
evaluated: lower detection limit, slope response curve, re-
sponse time and working pH range. 
287 3. Results and discussion 
288 In this work, incorporating polypyrrole into inorganic ma-
289 trices of polyantimonic acid by changing the mixing vol-
290 ume ratios of the reagents developed various samples of a 
291 new and novel polypyrrole based 'organic-inorganic' com-
292 posite cation-exchange material, polypyrrole polyantimonic 
293 acid system. Among them, sample S-2 (Table 1) possessed 
294 good yield, better ion-exchange capacity, reproducible be-
295 havior and chemical and thermal stability. 
296 The polymerization reaction for the synthesis of polypyr-
297 role is a very complicated one. The initial oxidation step, 
298 in which a radical cation is formed, is followed by a cou-
299 pling reaction, deprotonation, and one-electron oxidation in 
300 order to regenerate the aromatic system [27], using FeCb in 
301 aqueous medium at room temperature (25 ± 2 °C) as given 
302 in the following reactions: 
// w Fe 3+ Fe 2+ 
The formation of inorganic precipitate polyantimonic acid 303 
was carried out by adjusting the pH of the highly acidic 304 
potassium pyroantimonate solution, and at pH ~0.125 the 305 
precipitate material showed good percentage of yield and 306 
high lEC. Since it was known that in slightly acidic solution 307 
antimony salts are polymerized, the inorganic precipitate has 308 
been termed as polyantimonic acid. When aqueous .solution 309 
of FeCl3 was added with the inorganic precipitate, Fe^+ may 3io 
convert antimonic acid into a radical that can be shown as: 3i i 
Sb-OH + Fe^+ -^ Sb-O* + H+ -f Fe^+ 312 
Hence, the binding of polypyrrole into the matrix of 313 
polyantimonic acid can be shown as: 314 
+ X 
However, sample S-2 of polypyrrole polyantimonic acid 315 
exhibited fair granulometric and mechanical properties, 316 
showing a good reproducible behavior as is evident from the 317 
fact that these materials obtained from various batches did 318 
not show any appreciable deviation in their ion-exchange ca- 319 
pacifies. It was also found that the values of H+-adsorpfion 320 
and H^-liberafion capacities are in close agreement. This 321 
material possessed a better Na+ ion-exchange capacity 322 
(3.19 m e q g " ' ) as compared to simple polyantimonic acid 323 
(2 .83meqg~') and some other similar materials i.e. sin- 324 
gle and double salts of tetravalent metals, prepared earlier 325 
(Table 4). 326 
The column elution experiments indicated a dependence 327 
of the concentration of the eluant on the rate of elution, 328 
which is a usual behavior for such materials. The mini- 329 
mum molar concentration of NaNOs as eluant was 0.8 M 330 
for the maximum release of H"*" ions from 1 g of the 331 
cafion-exchanger. The elufion was appreciably fast as only 332 
130 ml of the effluent was sufficient for almost complete 333 
elution of the H+ ions ft-om its column within 4 h. The ef- 334 
feet of the size and charge of the exchanging ion on the lEC 335 
was also observed for this material. The lEC of the com- 336 
posite cation-exchanger for alkali metal ions and alkaline 337 
earth metal ions (except Ba^+) increased according to the 338 
2H^ 
+ 2lf + Fe^ ^ 
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Tabie 4 
Comparison of the preparation and properties of polypyrrole polyantimonic acid witli those of other cation-exchangers 
Ion-exchange materials Reagents Mixing ratio pH of the 
inorganic 
precipitates 
Na'''-exchang 
capacity 
(meq dryg"') 
Polypyrrole polyantimonic acid (sample S-2) 
Polyantimonic acid (sample S-9) 
Antimonic(V) acid [21] 
Antimony phosphate [22] 
Sn(lV) anlimonatc [23] 
Antimony(III) molybdate [24] 
Antimony(lll) arsenate [24] 
Antimony silicate [25] 
Th(lV) antimonite [26] 
Antimony(V) arsenophosphate [27] 
Polyaniline Sn(IV) tungstoarsenate [6] 
Polyaniline Sn(IV) arsenophosphate [9] 
Polypyrroole (sample S-10) 
0.1 M potassium pyroantimonate in 5.8 M 
HCl -t- 33.33% pyrrole in CCI4 -I- 0.1 M 
FeClj 
0.1 M potassium pyroantimonate in 5.8 M 
HCl + cone. NH4OH 
20% antimony metal in mixed solution of 
HCl -I- HNO3 (4:1) -I- distilled water 
0.1 M potassium pyroantimonate -I- 0.05 M 
orthophosphoric acid 
0.05 M tin(lV)chloride + 0.05 M potassium 
pyroantimonate 
0.1 M sodium molybdate + 0.1 M 
antimony((fr) chloride 
0.05 M sodium arsenate + 0.05 M 
antimony(lll) chloride 
0.1 M antimony pentachloride in cone. HCl 
+ 0.1 M sodium silicate 
0.1 M thorium(IV) nitrate in 0.1 M HNO3 
+ 0.1 M antimony(V) chloride in 4M HCl 
0.05 M SbCls + 0.05 M sodium arsenate 
-I- 0.05 M trisodium orthophosphate 
0.1 M tin(IV)chloride -I- 0.1 M sodium 
tungstate -I- 0.1 M sod. arsenate -|- 10% 
aniline -I-O.IM K2S20g 
0.1 M tin(IV)chloridc + 0.1 M sodium 
arsenate -I- 0.1 M H3PO4 -I- 10% aniline 
-t-O.lM (NH4)2S208 
33.33% pyrrole in CCI4 + 0.1 M FeCh 
1:0.03:0.5 0.125 
1:1:1:1 
1:10 
1.0 
3.19 
-
1:13 
1:1 
1:2 
1:1 
1:1 
1:2 
1:1 
3:1:1 
1:1:1:1 
0.125 
0-0.6 
0.0-1.0 
0.0-1.0 
0.0 
0.85 
0-1 
0.0 
0-1 
1.0 
2.83 
1.30 (for K+) 
2.05 
2.40 
1.02 
0.70 
1.60 
2.00 
2.20 
1.67 
1.58 
0.03 
339 decrease in their hydrated ionic radii. This is in agreement 
340 with theoretical considerat ions. 
341 The pH-ti trat ion curves obtained under equil ibrium con-
342 ditions for L iOH/LiCl , NaOH/NaCl and KOH/KCl systems 
343 indicated bifijnctional behavior of the material as shown in 
344 Fig. 1. It appears to be a strong cation-exchanger as indicated 
345 by a low pH ( ~ 2 . 6 ) of the solution when no 0 H ~ ions were 
346 added to the system. The theoretical lEC for these ions was 
347 found to be ~ 4 . 2 5 m e q g ~ ' . The adsorption behavior for al-
348 kali metals was observed to be in the order Na( I ) > K(I) > 
349 Li(I) in acidic p H . It is reversed to Li(I) > K(I) > Na( I ) in 
350 the basic media . 
351 The solubili ty experiments showed that the material has 
352 reasonably good chemical stability. As the results indicated 
353 that the material was resistant to 2 M HCIO4 and 2 M H2SO4 
354 with higher solubility in NH3 and in alkaline media and 
355 slightly higher solubility in 2 M H N O 3 , 2 M HCl , citric acid, 
356 oxalic acid, n-butanol and D M S O . T h e chemical dissolu-
357 tion in D M W , D M S , acetone, formic acid, C H 3 C O O H and 
358 N a N O s was almost negligible. This chemical stability may 
359 be due to the presence of binding polymer, which can pre-
360 vent the dissolution of heteropolyacid salt or leaching of 
361 any consti tuent e lements into the solution. On heating at dif-
362 ferent temperatures for one hour, the ion-exchange capac-
363 ity of the dried material decreased as the temperature in-
364 creased. However , the material was found to possess higher 
thermal stability as it maintained about 5 9 % of the initial 365 
ion-exchange capacity by heating up to 600 °C. From a com- 366 
parative study of heating effect on N a + ion-exchange ca- 367 
pacity of polypyrrole polyant imonic acid with those of other 368 
ion-exchangers, as shown in Fig. 6, it is apparent that this 369 
composite cat ion-exchanger is more thermal ly stable than 370 
others. 371 
Thermogravimetr ic analysis (TGA) curve (Fig. 2) of the 372 
material showed a cont inuous weight loss of m a s s (about 373 
8.0%) up to 250 °C, which may be due to the removal of 374 
the water of crystallization [28]. Fur ther weigh t loss be- 375 
tween 250 and 530 °C m a y be due to comple te decompos i - 376 
tion of the organic part of the material . A t 530 °C onwards a 377 
smooth horizontal section which represents the complete for- 378 
mation of the oxide form of the material . These transforma- 379 
tions have also been supported by differential thermal anal- 380 
ysis (DTA). The DTA curve indicates two exothermic peaks 381 
with m a x i m a at 240 and 508 ° C that confirm the removal 382 
of external water molecules and structural t ransformations, 383 
respectively. 384 
The FTIR studies (Fig. 3) revealed the presence of external 385 
water molecules in addition to the - O H groups and the metal 386 
oxides present internally in the material . Frequencies due to 387 
the S b - 0 stretching vibrations have been observed in the 388 
region 1100-900 c m " ' [29]. The peaks at 1640-1560 c m " ' 389 
represent the free water molecules (water of crystall ization) 390 
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Fig. 6. Comparison of heating effect upon ion-exchange capacity. 
391 and also being representative of the strongly bonded - O H 
392 groups in the matrix [30]. A sharp peak at 1402 c m " ' can be 
393 ascribed to stretching vibration of C-N [31]. This indicates 
394 that the material contains a considerable amount of pyrrole. 
395 The absorption band around 1200 c m " ' may be due to C - 0 
396 stretching [32] that corresponds the binding of Sb with pyr-
397 ro le . 
398 Scanning electron microscope (SEM) photographs of 
399 polyantimonic acid and polypyrrole polyantimonic acid 
400 were obtained at different magnifications (Fig. 5), indi-
401 eating the binding of inorganic ion-exchange material by 
402 organic polymer, i.e. polypyrrole. It has been revealed that 
403 polyantimonic acid shows a plate like morphology. After the 
404 binding of polypyrrole with polyantimonic acid, the mor-
405 phology has been changed. The X-ray powder diffraction 
406 pattern of this cation-exchanger (sample S-2, as-prepared) 
407 exhibited the presence of fourteen peaks (Fig. 4) indicating 
408 its crystalline character. 
409 The molar ratio of Sb, C, H, N and 0 in the material was 
410 estimated to be 2.15:4.12:12.31:1.0:8.94, which can suggest 
41! the following tentative formula of the material: 
412 [(Sb205)(-C4H4NH-)]-nH20 
and its structure can be written as 
413 
414 
415 
416 
417 
o-(ai 
H O 
0 = Sb — O — S b = 
OH OH 
.nHoO 
Assuming that only the external water molecules are 
lost at 250 °C, the ~ 8 . 0 % weight loss of mass represented 
by the TGA curve must be due to the loss of nUjO from 
the above structure. The value of ' « ' , the external wa-
ter molecules, can be calculated using Alberti 's equation 418 
[33] : 419 
I8n 
X{M+\Sn) 
100 420 
where Xis the percent weight loss (~8.0%) in the exchanger 42i 
by heating up to 250 °C, and {M + 18n) is the molecular 422 
weight of the material. The calculation gives ~ 2 for the 423 
external water molecules (n) per molecule of the composite 424 
cation-exchanger (sample S-2). 425 
In order to explore the potentiality of the material in the 426 
separation of metal ions, distribution studies for 15 metal 427 
ions were performed in eight solvent systems. It is apparent 428 
from the data given in Table 5 that the ATj-values can vary 429 
with the composition and nature of the contacting solvents. 430 
It was observed from the ATj-values in D M W that Hg^+ is 431 
strongly adsorbed; Pb^"*", Fe-'+, La^+, U 0 ^ + are also sig- 432 
nificantly adsorbed while the remaining are partially ad- 433 
sorbed. The high uptake of certain metal ions demonstrates 434 
not only the ion-exchange properties but also the adsorption 435 
and ion-sieve characteristics of the cation-exchanger. The 436 
difference in adsorption behavior in different solvents me- 437 
dia is largely explained on the basis of differences in the 433 
stability constants of the metal-exchanger complexes. 439 
On the basis of distribution studies, the most promising 44o 
property of the material was found to be the high selectivity 441 
towards Hg(II) (a major polluting metal in the environment), 442 
indicating its importance in environmental studies. The 443 
separation capability of the material has been demonstrated 444 
by achieving some important binary separations of differ- 445 
ent synthetic metal mixtures involving Hg(II), for example: 446 
Hg2+-Zn2+, Hg2+-Ni2+, Hg2+-Cu2+, Ug^+^¥e^+ and 447 
Hg2+-Cd2+, Hg2+-Mg2+, Hg2+-Pb2+ and Ug^+-A\^+. 448 
Table 6 summarizes the salient features of these separations. 449 
The sequential elution of ions from the column depends 450 
upon the stability of metal-eluting ligand (eluent). The or- 451 
der of elution and eluents used for these separations are 452 
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Table 5 
/Cd-valucs of some metal ions on polypyrrole polyantimonic acid column in different solvent systems 
Metal ions 
Cu2+ 
Ni2+ 
p|,2+ 
Cd2+ 
Mn2+ 
Zn2+ 
Hg2+ 
Co2+ 
AP+ 
Fe3+ 
La'+ 
Zr''+ 
Ce''+ 
TI+ 
UO22+ 
DMW 
400 
400 
1900 
550 
467 
144 
2300 
600 
50 
1100 
833 
168 
133 
500 
600 
1 X 10-2M 
HNO3 
300 
260 
1800 
400 
200 
144 
2700 
150 
140 
243 
314 
800 
600 
500 
340 
1 X 10"'M 
HNO3 
100 
233 
1500 
317 
54 
47 
1350 
93 
200 
143 
155 
300 
285 
300 
184 
IM HNO3 
45 
122 
115 
286 
425 
25 
329 
35 
83 
22 
76 
80 
60 
190 
67 
1 X 10-2M 
HCIO4 
340 
350 
1800 
733 
163 
133 
1600 
243 
250 
133 
480 
900 
600 
300 
400 
1 X 10"'M 
HCIO4 
82 
HI 
850 
475 
157 
26 
1200 
200 
300 
88 
400 
600 
325 
267 
350 
1 M HCIO4 
30 
38 
240 
400 
18 
4 
500 
110 
165 
16 
155 
120 
135 
200 
98 
0.2 M CH3COOH + 
0.2 M CH3COONa 
(1:2) 
213 
300 
2200 
575 
360 
233 
3200 
567 
138 
300 
767 
200 
166 
333 
1150 
Table 6 
Some binary separations of metal ions achieved on polypyrrole polyantimonic acid column 
Separations achieved Eluant used Volume of eluant (ml) Amount of metal loaded (\>.g) Amount of metal found (^.g) Error (%) 
Hg(II) 
Zn(II) 
Hg(ll) 
Ni(n) 
Hg(ll) 
Cu(II) 
Hg(II) 
Cd(II) 
Hg(n) 
Mg(n) 
Hg(Il) 
Pb(II) 
Hg(ll) 
Al(Ill) 
Hg(ll) 
Fe(lll) 
A 
B 
A 
C 
A 
C 
A 
E 
A 
D 
A 
C 
A 
E 
A 
D 
50 
40 
50 
40 
40 
40 
50 
40 
40 
50 
50 
50 
40 
50 
50 
40 
3710.92 
1045.85 
3008.85 
997.79 
2607.67 
953.19 
3209.44 
1573.75 
2607.67 
607.63 
3811.21 
3315.20 
2607.67 
593.56 
3008.85 
949.40 
3670.80 
1007.01 
2978.76 
983.12 
2568.44 
927.49 
3249.56 
1545.65 
2607.67 
602.77 
3851.33 
3273.76 
2587.61 
597.63 
2968.73 
960.57 
- 1 . 0 8 
+2 .67 
- 1 . 0 0 
- 1 . 4 7 
- 1 . 1 5 
- 2 . 1 7 
+ 1.25 
- 1 . 7 9 
0.0 
- 0 . 8 0 
+ 1.05 
- 1 . 2 5 
- 0 . 7 7 
+0 .68 
- 1 . 3 3 
+ 1.18 
I M HCl; B = 0 .01M HNO3; C = 0 . 1 M HCIO4; D = 0 .01M HCIO4; £ = 0 . 1 M HNO3. 
2.0 \ ' 1 M HCl; B =001 MHNO,. C-0,1 MHCIOg;D = aOI MHCIO.. 
E=O.I MHNO., 
-B—4< A «l k C * A )l U C ifc A 
O.OU^ 0 20 40 60 80 100 6 20 40 60 80 100 0 20 40 80 60 100 0 20 40 60 80 100 
Volume of eluent (ml) 
Fig. 7. Binary separations of Hg(II) from Zn(n) , Ni(ll), Cu(Il), Cd(II) on polypyrrole polyantimonic acid columns. 
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453 
454 
465 
456 
457 
458 
459 
460 
461 
462 
463 
464 
465 
466 
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468 
469 
470 
471 
472 
473 
474 
475 
476 
477 
478 
479 
480 
- l o g [ H g = 1 
Fig. 8. Calibration curve for polypyrrole polyantimonic acid membrane 
electrode in aqueous solutions of Hg03)2. 
also illustrated in Fig. 7. the separations are quite sharp and 
recovery is quantative and reproducible. 
The heterogeneous precipitate Hg(II) ion-selective mem-
brane electrode obtained from polypyrrole polyantimonic 
acid cation-exchange material gives linear response (Fig. 8) 
in the given range of 1 x 10~' to 1 x 10"^ M with a slope 
of 29 mV per decade change in Hg(II) ion concentra-
tion and the slope value is very close to Nemstian value, 
29.6mV/concentration decade for divalent cations. Below 
1 X 10~^ M, a non-linear response was observed. A constant 
potential was obtained after 30 s and it was also observed 
that the electrode potential remained unchanged within the 
pH range 2.5-7.5. 
The selectivity coefficients, K\^^ of various interfering 
cations for the Hg(II) ion-selective polypyrrole polyanti-
monic acid electrode were deteimined by the mixed solu-
tion method [34] and the following numerical values were 
obtained: 
3.0 4.0 5.0 6.0 7.0 8.0 9.0 
Volume of EDTA (ml) 
Fig. 9. Precipitation titration of Hg(Jl) against EDTA solution. 
by acetate buffer (Fig. 9). The addition of EDTA causes 
a decrease in potential as a result of the decrease in free 
Hg(II) ion concentration due to its complexation with EDTA. 
The amount of Hg(II) ions in solution can be accurately 
determined from the resulting neat titration curve providing 
a sharp end point. The potentiometric titration of Hg(II) was 
also successfiilly carried out in the presence of 1 x I0~^ M 
Zn(II) and Cu(II), hence demonstrating the useftilness of the 
sensor developed for potentiometric determination of Hg(II) 
in mixtures. 
4. Conclusion 
Polyantimonic acid precipitate modified by incorpora-
tion of polypyrrole (a conducting polymer), was prepared 
in this study as a new and novel crystalline 'polymeric-
inorganic' composite cation-exchange material, has better 
ion-exchange capacity and is highly selective for mercury. 
This adsorption behavior of this exchanger is promising 
481 
482 
483 
484 
485 
486 
487 
488 
489 
490 
491 
492 
493 
494 
495 
496 
497 
Membrane electrode 
Polypyrrole 
polyantimonic acid 
Selectivity coefficients {K^^y^ for interfering cations (M""*") 
Na+ K+ Mg2+ Co2+ Ni+2 C\x^+ Mn2+ Zn2+ 
0.04 0.03 0.02 0.04 0.02 0.03 0.03 0.02 
Pb2+ 
0.07 
Cd2+ 
0.04 
Al3+ 
0.01 
Fe3+ 
0.05 
The selectivity coefficient values indicate the extent to 
which a foreign ion (M"+) interferes with the response of 
the electrode towards its primary ion (Hg^ "*"). The results 
reveal that the membrane electrode is highly selective for 
Hg(II) ions over a number of cations. 
The practical utility of the proposed membrane sensor 
assembly was tested by its use as an indicator electrode in 
the potentiometric titration of Hg(II) with EDTA. A 50 ml 
portion of 1 X 10"' M EDTA solution, at pH of 4, buffered 
in the field of pollution chemistry where an effective sep-
aration method is needed for Hg(II) from other pollutants. 
It is evident from the results that the quantitative and effi-
cient separations of various metal ions such as Hg(II) from 
Zn(II), Ni(II), Cu(II), Cd(II) etc. are feasible on polypyr-
role polyantimonic acid column. Hg(II) sensitive membrane 
electrode was also developed which is chemically and me-
chanically stable and gives reproducible results with a usefijl 
lifetime, exhibiting a nearly Nemstian slope within func-
498 
499 
500 
501 
502 
503 
504 
505 
506 
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507 tional pH range of 2.5 to 7.5. Further, the electrode can be 
508 used to determine Hg(II) ions in aqueous and non-aqueous 
509 media by both direct potentiometry and titration, and can 
510 successfully be used in determining Hg(II) ions in real 
511 samples. 
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Electrical conductivity and ion-exchange kinetic studies of a new crystalline type 
'organic-inorganic' cation-exchange material: polypyrrole/polyantimonic acid 
composite system, (SbzOg) (-C4H4NH-) .nHzO 
Asif AH Khan*, M, Mezbaul Alam, F. Mohammad and Inamuddin 
Analytical and Polymer Research Laboratory, Department of Applied Chemistry, 
Faculty of Engineering and Technology, Aligarh Muslim University, Aligarh 202 002, India. 
Abstract 
A new and novel electrically conducting 'organic-inorganic' crystalline type composite cation-
exchange material; polypyrrole/polyantimonic acid system was prepared by incorporating 
polypyrrole into inorganic precipitate of polyantimonic acid. The temperature dependence of 
electrical conductivity of this composite system with increasing temperatures was measured on 
compressed pellets by using 4-in-line-probe DC electrical conductivity measuring instrument. The 
conductivity values lie in the semiconductor region, i.e., in the order of 10"^  to 10"^  S cm"' that 
follow the Arrhenius equation. The energy of activation of electrical conduction was also 
calculated. It also possessed improved ion-exchange capacity, high chemical and thermal stabilities, 
reproducibility and selectivity for some specific metal ions. Kinetic studies of exchange for some 
divalent metal ions of alkaline earths and transition metals were carried out under the conditions 
favoring a particle diffusion-controlled ion-exchange phenomenon and some physical parameters 
such as self diffusion coefficient Do, energy of activation Ea and entropy of activation AS* were 
determined. 
Keywords: Organic-inorganic composite material; Cation-exchanger; Electrical conductivity; Ion-
exchange kinetics; Polypyrrole/polyantimonic acid system; Semiconductor 
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1. Introduction 
The inorganic ion-exchange materials based on polyvalent metals have been established now an 
excellent recognition in various disciplines, i.e. metal ion separation, preconcentration, catalysis, 
environmental studies, medical science (kidney dialysis), ion-selective electrodes preparation, 
heterogeneous solid state membranes formation and in ion-exchange fibers preparation, etc. Besides 
other advantages, these materials are important in being more stable to high temperature and 
radiation field than the organic ones. Organic polymers as ion-exchangers are well known for their 
uniformity, chemical stability and control of their ion-exchange properties through synthetic 
methods. ]n order to obtain a combination of these advantages associated with polymeric and 
inorganic materials as ion-exchangers, attempts have been made to develop a new class of 
composite ion-exchangers by incorporation of electrically conducting organic polymers 
(polyaniline, polypyrrole, polythiophene etc.) into the matrices of inorganic precipitates of 
multivalent metal acid salts. These materials are attractive for the purpose of creating high 
performance or high functional polymeric materials that are expected to provide many possibilities, 
termed as 'organic-inorganic' hybrid materials. Few such excellent ion-exchange materials have 
been developed in our laboratory and successfully being used as ion- selective membrane electrodes 
and in chromatographic techniques. ' 
The electrical and electronic properties exhibited by solid-state ionic materials are crucial in a 
large number of inorganic as well as organo-inorganic materials applications.^"'" These unique 
electronic properties result from their extended structures, where strong interactions between the 
atoms, ions or molecules occur throughout the lattice. In terms of conductivity, the behavior ranges 
from insulating through semiconducting to metallic and superconducting. Many types of electrically 
conducting materials classified as electrolytes or polymer ionics have been developed and 
characterized in recent years." Solid electrolytes, having conductivities of 10" to 10" S cm" , are 
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required m several systems operating either with high current densities (electrolyzers, batteries, 
etc ), or at very low current levels (gauges, electrochemical memories, coulometers, etc ), in order to 
avoid excessive Joule-heat losses or excessive cell impedance Furthermore, high conductivities are 
required for materials employed m the preparation of charged membranes or in thermoelectric 
generators Only a few solid electrolytes are presently known to exhibit such a favorable 
conductance and most of them only at high temperature 
In the past few years, researchers have shown much interest from both the solid-state scientific 
and inorganic chemical perspectives on the study of electrical conducting behavior of 'organo-
IT JO 
inorganic' composite materials Special interest today is focused on composite systems having 
high conductivity at ambient and sub ambient temperatures, since they find unique applications, 
such as separators in high power, versatile and rechargeable lithium batteries Moreover, composite 
materials composed of oxides or polyvalent metal acid salts and conducting polymers have brought 
out more fields of applications, such as smart wmdows, toners in photocopying, conductive paints, 
drug delivery, rechargeable batteries etc ' These novel materials have also generated a large 
amount of interest m the field of synthetic metals 
Conducting polymers possess good tunable electrical conductivity and are organic 
electrochromic materials with chemically active surface But they are chemically sensitive and 
have poor mechanical properties and thus pose a processibility problem On the other hand, 
inorganic oxides or metal acid salts show the presence of more sites for surface reactivity and are 
highly porous in sol form They also have good mechanical properties and are good dispersants 
too '^' Thus composite materials formed by combining conducting polymers and inorganic particles, 
possess all the good properties of both the constituents and an enhanced utility thereof The 
properties of composites of such kind are strongly dependent on concentration of polymer 
Polypyrrole, one of the conducting polymers, has received lot of attention m the preparation of 
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composites due to its high stability in conducting oxidized form?^'^'' In this paper, we report the 
preparation of composites of conducting polymer (polypyrrole) and polyvalent metal acid salts 
(polyantimonic acid) by a process of simultaneous gelation of inorganic acid salts as well as 
polymerization of the pyrrole monomer by taking different amounts of monomer in fixed volume of 
inorganic precipitate. The electrical conductivity behavior of polypyrrole/polyantimonic acid 
composite system with increasing temperatures was measured by using 4-in-line-probe DC 
electrical conductivity measuring method. 
To become aware about the ion-exchange process, investigations of some kinetic parameters 
such as diffusion coefficient, energy and entropy of activation, etc., are very much essential. It is 
noteworthy that these parameters tell us about the mechanism, rate determining step and rate laws 
obeyed by ion-exchange process. These studies enable us to understand the viability of an ion-
exchanger in separations of metal ions. Most of the earlier studies^^" ^ of kinetic behavior were 
based on the old Bt Criterion, which is not very useful for a true ion-exchange (non-isotopic 
exchange) process because of different effective diffusion coefficient and different mobilities'^ of 
the exchanging ions are involved. Nemst-Plank '^^  equations with some additional assumptions 
provide more appropriate values for obtaining the values of the various kinetic parameters 
precicely.'^' ^^'^'^ Since polypyrrole/polyantimonic acid composite showed a promising ion-exchange 
behavior,"" we have also conducted a kinetic study on the exchange of some divalent metal ions on 
this material that is useful to understand the mechanism of ion-exchange on the surface of the 
material and its separation potential. The following pages summarize the results of our studies on 
electrical conducting behavior and ion-exchange kinetics for the exchange of some divalent metal 
ions of this composite material. 
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2. Experimental 
2 1 Reagents and instruments 
The reagents used for the synthesis of material were obtained from CDH, Loba Chemie, E-
Merck and Qualigens (India Ltd) All other reagents and chemicals were of analytical reagent 
grade An electron microscope (LEO 435 VP, Australia) with attached imaging device was used for 
SEM (scanning electron microscopy) and a PW 1710-based diffractometer (Phillips, Holland) were 
used for and XRD (X-ray diffraction) studies The ESR (electron spin resonance) and FT-IR 
(Fourier transform infrared) spectra were recorded by a JES-RE2X (Jeol Ltd, Japan) ESR 
spectrometer and a Spectrum-BX (Perkm Elmer, U S A ) FT-IR spectrophotometer, respectively A 
four-m-line probe electrical conductivity-measuring instrument, Scientific Equipment (India), was 
used for measuring DC electrical conductivity A hydraulic pressure instrument was used for 
making pellets of sample materials An electronic balance (digital), Sartonus (Japan), model 21 OS 
was used for weighing purpose A water bath incubator shaker having a temperature variation of 
±0 S°C was used for all equilibrium studies 
2 2 Preparation of polypyrrolepolyantimomc acid cotnposite cation-exchanger 
The product of polyantimomc acid was obtained by dissolving 0 05 mole of potassium 
pyroantunonate in 5 8 M HCl The solution was kept overnight at room temperature (25 ± 2 °C) and 
thereafter neutralized with cone NH4OH until a residual acidity of 0 75 M HCl was obtained A 
white gel was obtained 
Solutions of pyrrole (approximately 3 33% to 40%, vol %) in CCI4 were mixed thoroughly with 
the fixed volume of inorganic precipitates of polyantimomc acid, to which 0 1 M FeCla solution 
prepared m DMW was added drop wise Continuous stirring was done during the addition of feme 
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chloride solution, slowly the white inorganic precipitate gels turned first to green and then to black. 
The reaction mixtures were then kept for 24 hours under ambient conditions (25 ± 2 °C). Now the 
polypyrrole based composite gels were filtered off; washed with 0.75 M HCl and then washed 
thoroughly with DMW to remove excess acids and any adhering traces of ferric chloride. After 
filtration the gels were dried at 50 °C in an air oven for 48 hours. The dry products were then 
crushed into small granules when immersed in DMW. The materials were again washed with 
acetone by soxhlation, finally dried at 50 °C and kept in a desiccator. Hence a number of composite 
samples of polypyrrole/polyantimonic acid were prepared with different concentrations (vol.%) of 
pyrrole solutions, but the sample prepared with approximately 33.33% pyrrole solution showed high 
stability and maximum ion-exchange capacity (3.19 meq dry g"' for Na^), chosen for detailed 
studies of electrical conductivity and ion-exchange kinetics. 
2.3. Electrical conductivity measurements 
The composite samples were treated with 0.5 M aqueous solution of HCl and washed for excess 
HCl with DMW repeatedly till the filtrates gave a negative test for hydrogen ions. The sample 
materials were completely dried at 50 °C in the oven. Then -0.5 g material from each sample was 
finely ground in a mortar pastel and pellets were made at room temperature with the help of a 
hydraulic pressure instrument at 25 KN pressure for 20 minutes. The thickness of each pellet was 
measured by a micrometer. 
Four-probe electrical conductivity measurements with increasing temperatures (between 35 °C 
to 200 "C) for the composite samples were performed on pressed pellets by using a 4-in-line-probe 
DC electrical conductivity-measuring technique. The sample to be tested is placed on the base plate 
of four-probe arrangement and the probes were allowed to rest in the middle of the sample. A very 
gentle pressure is applied on the probes and then it was tighten in this position so as to avoid 
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piercing of the probes into the samples The arrangement was placed in the oven The current was 
passed through the two outer probes and the floating potential across the inner pair of probes was 
measured The oven supply is then switched on, the temperature was allowed to increase gradually 
while current and voltage was recorded with rise in temperature 
2 4 Kinetic measurements 
The composite cation-exchange material was treated with 0 5 M HNO3 for 24h at room 
temperature with occasional shaking, intermittently replacing the supernatant liquid with a fresh 
acid to ensure the complete conversion to H -form and the excess acid was removed after several 
washing with DMW Now the dried ion-exchanger sample in the H'^ -form was ground and then 
sieved to obtain particles of definite mesh sizes (25-50, 50-70, 70-100 and 100-125 \xm) Out of 
them the particles of mean radu -125 |a.m (50-70 mesh) were used to evaluate various kinetic 
parameters The rate of exchange was determined by limited bath technique as follows 
Twenty-milliliter fractions of the 0 02 M metal ion solutions (Mg, Ca, Sr, Ba, Ni, Cu, Mn and 
Zn) were shaken with 200 mg of the cation-exchanger in H^-form in several stoppered conical 
flasks at desired temperatures [25, 33, 50 and 65 (±0 5) °C] for different time intervals (0 5, 1 0, 2 0, 
3 0 and 4 0 mm) The supernatant liquid was removed immediately and determinations were made 
usually by EDTA titrations '*^  Each set was repeated four times and the mean values were taken for 
calculations 
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3. Results and discussion 
3.1. Preparation of polypyrrole/polyantimonic acid 
In this paper, a new and novel 'organic-inorganic' composite cation-exchange material, 
polypyrrole/polyantimonic acid was chemically prepared, which possessed high ion-exchange 
capacity, reproducible behavior and high stability. The material has reasonably good chemical 
stability, as it was resistant to 2 M HCIO4 and 2 M H2SO4 and other solvents (DMW, acetone, 
formic acid, DMS, CH3COOH, CHsCOONa and NaNOs etc.). This material also thermally stable 
up to 200 °C and it retained about 59% of the initial ion-exchange capacity by heating up to 600 °C. 
Scanning electron microscopy (SEM) was performed on the material at the magnifications of 
100 X and 1300 X that indicated the binding of inorganic material by organic polymer as shown in 
Fig. 1. The X-ray powder diffraction pattern of this material was studied with Cu Ka radiation 
clearly exhibited the presence of fourteen sharp peaks that suggesting a crystalline nature of the 
material (Fig. 2), The ESR spectrum of this composite material was recorded at room temperature, 
as a fimction of air exposure and found that g = 1.990, signal width = 8.0 G for this material (Fig. 
3). 
After dissolving in concentrated HCl, the material was analyzed for 'Sb' by VIS 
spectrophotometric method.'*'^  Carbon, hydrogen and nitrogen contents of the cation-exchanger were 
determined by elemental analysis. The weight percent composition of the material was: Sb, 54.46; 
C, 10.29; H, 2.58; N, 2.92; O, 29.75. 
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(a) 
(b) 
Fig, 1 Scanning elecLnm rnicrophotographs (SEM) of chemically prepared 
polypyrrole/polyantimonic acid (as prepared) at the magnifications of (a) 100 X mid 
(b)1300 X. 
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The FT-IR studies performed on this material indicated the presence of external water molecules 
in addition to the - OH groups and the metal oxides present internally in the material (Fig. 4). 
Frequencies due to the Sb-0 stretching vibrations'*'' have been observed in the region 1100 - 900 
cm" . The peaks at 1640-1560 cm"' represent the free water molecules (water of crystallization) and 
also being representative of the strongly bonded - OH groups in the matrix.''^ A sharp peak at 
around 1400 cm"' can be ascribed to stretching vibration of C-N.'"' This indicates that the material 
contains a considerable amount of pyrrole. The FT-IR spectra also confirm the polymerization of 
pyrrole. The peaks at about 800 cm"', 1097 cm"' and 3396 cm"' indicating the presence of 
polypyrrole.''^ The absorption band around 1200 cm"' may be due to C-0 stretching"*^ that 
corresponds the binding of Sb with pyrrole. The TGA analysis carried out by an automatic thermal 
analyzer on heating the material at a constant rate (15 °C min"') in the air atmosphere showed a 
continuous weight loss of mass (about 8.0%) up to 250°C, which may be due to the removal of the 
water of crystallization.''^ Further weight loss between 250°C and 530''C may be due to complete 
decomposition of the organic part of the material. At 530°C onwards a smooth horizontal section 
which represents the complete formation of the oxide form of the material as shown in Fig. 5. 
Hence, composition studies indicated the molar ratio of Sb, C, H, N and O in the material as 
2.15:4.12:12.31:1.0:8.94. On the basis of this molar composition, the following tentative formula of 
the material can be suggested: [(Sb205) (-C4H4NH-)].nH20. 
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3 2 Electrical conducting behavior of polypyrrole/polyantimonic acid 
Electrical conductivities of the pellets of polypyrrole based polyantimonic acid composite 
samples were determined from the measurement of conductivity of the samples using the four-probe 
method of conductivity measurement for semiconductors That is the most satisfactory method as it 
overcomes difficulties, which are encountered in conventional methods of conductivity 
measurement (i e two probe), e g the rectifying nature of metal - semiconductor contacts and the 
injection of minority carriers by one of the current carrying contacts, which affects the potential of 
other contacts and modulate the conductance of the material etc 
The current-voltage data so generated at increasing temperatures for the determination of 
electrical conductivity of the composite sample were processed for calculation of electrical 
conductivity using the following equation 
a = Gj (W/S) / Go (6) 
where a is the electrical conductivity in S/cm, Gj(W/S) is the correction factor used for the case of 
non-conducting bottom surface and it is a function of W, thickness of the sample under test (cm) 
and 5, probe spacing (cm), i e., 
Gj (W/S) = (IS/W) loge2 (7) 
and ao = I/(V ^ 2nS) (8) 
where / is the current (A) and V is the voltage (V). Although the electrical conductivity 
measurements were done in the ambient conditions, the composite samples were thoroughly dried 
before making pellets and electrical conductivity measurements So the contribution of protomc 
conductivity in total electrical conductivity due to the presence of moisture may be minimal and 
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may not be taken into consideration. 
The dependence of the electrical conductivity through the bi-phasic (inhomogeneous) systems 
(polypyrrole/polyantimonic acid composites; prepared with different concentrations of pyrrole 
monomer) on the concentration of conducting phase (polypyrrole) was examined. A slight increase 
in electrical conductivity for the composites is followed at a certain pyrrole concentration by a 
sudden jump, which is again followed by moderate increase (Fig. 6). At about 27% pyrrole 
concentration (critical concentration of conducting phase), this sharp rise in electrical conductivity 
is observed that could possibly be explained on the basis of percolation theory.^" 
The main factor that made the composite electrically conductive, is the presence of polypyrrole 
in sufficient amount. Thus major part of electrical conductivity of the composite is due to the 
incorporation of polypyrrole in the composite. It was also observed that the ambient temperature 
conductivities of the composites for some concentrations of pyrrole monomer are greater than that 
of simple polypyrrole as shown in Table 1. 
The variations of electrical conductivity (a) of the composite samples (prepared with 33.33% 
pyrrole concentration, vol.%) by raising temperatures (between 35 °C to 200 °C) are carried out. On 
examination, it was observed that the electrical conductivity of the samples increase with the 
increase in temperature and the values lie in the order of 10"^  to lO""* S cm'', i.e., in the 
semiconductor region. To determine the nature of dependence of electrical conductivity on 
temperature plots of log a versus lOOO/T (K) were drawn (Fig. 7) and they followed Arrhenius 
equation similar to other semiconductors.^' The energies of activation of electrical conduction for 
the composite samples (as prepared and HCl treated) calculated from the slopes of the Arrhenius 
plots were 0.055 and 0.062 eV, respectively. 
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Table 1 
Values of electrical conductivity for the polypyrrole and polypyrrole/polyantimonic acid composites 
with different concentrations of pyrrole monomer 
Samples 
Polypyrrole 
Polypyrrole/polyantimonic 
acid composites 
Ambient temperature electrical conductivity (S cm"') 
3.28 X 10'^  
23.33% 26.67% 30% 33.33% 
3.94 X 10"'^  1.83 X 10"^  4.51 x 10"^  7.40 x 10"^  
36.67% 
8.90x10"^ 
40% 
2.37x10"^ 
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Fig. 7. Arrhenius plots for polypyrrole polyantimonic acid composite material. 
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This composite material was also treated with 0.5 M NaCl, KCl, LiCl and CaCl2 solutions, and 
electrical conductivity measurements were carried out on these different forms (Na"^ , K ,^ Li^ , Ca^ )^ 
of materials. The sample treated with CaClj solution showed the higher electrical conductivity at 
room temperature as given in Table 2. 
The thermal stability of the composite material (HCl treated) in terms of DC electrical 
conductivity retention was studied under isothermal condition (at 50, 70, 90, 110, 130 and 150 °C) 
measuring 4-probe-in-line DC electrical conductivity at an interval of 15 minutes. The electrical 
conductivity measured with respect to the time of accelerated ageing is presented in Fig. 8. 
For both the composites, it was observed that the electrical conductivity is quite stable at 50, 
70, 90 and 110 °C that supports the fact that the DC electrical conductivity of the composites is 
sufficiently stable under ambient temperature conditions. The electrical conductivity decreases with 
time at 130 and 150 "C that may be attributed to the loss of dopant and the chemical reaction of 
dopant with the material. 
The stability of the material (HCl treated) in tenns of electrical conductivity retention was also 
monitored for 5 cycles by repeatedly measuring linear four-probe DC electrical conductivity with 
increase in temperature at an interval of one hour and the DC conductivity for each heating cycle 
was plotted as log a versus 1000/T (K) as shown in Fig. 9. It was observed that each plot followed 
the Arrhenius equation for its temperature dependence. There was minor difference in their 
electrical conductivity even after repeating the experiment for five times that showed the good 
stability of the material during heating-cooling cycles under severe oxidizing conditions up to 200 
°C. The material was also observed to be a stable material, i.e., the room temperature conductivity is 
negligibly affected by short-term exposure to laboratory air as evident from Fig. 10. 
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Table 2 
Electrical conductivity of different forms of 
polypyrrole/polyantimonic acid composite system at 
room temperature (prepared with 33.33% pyrrole 
monomer) 
Sample 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
Polypyrrole/polyantimonic 
acid composites 
As prepared 
HCl treated 
NaCl treated 
KCl treated 
LiCl treated 
CaCl2 treated 
Conductivity 
6.43 X 10"^  
7.33 X 10"^  
6.95 X 10"^  
6.70x10"^ 
7.19x10"^ 
5.31 X 10"^  
21 
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Fig. 8. Isothermal stability of polypyrrole/polyantimonic acid composite (HCl 
treated) in terms of retention of DC electrical conductivity with respect 
to time at 50, 70, 90, 110, 130 and 150 °C. 
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Fig. 9. Arrhenius plot of retention of DC electrical conductivity for 
polypyrrole/polyantimonic acid (HCl treated) during heating-cooling cycles up to 200 °C. 
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Fig. 10. Conductivity vs. time of exposure to laboratory air for 
polypyrrole/polyantimonic acid composite material (HCl treated). 
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3.3. Ion-exchange kinetics of polypyrrole/polyantimonic acid composite 
Kinetic measurements were made under the conditions favoring a particle diffusion-controlled 
ion-exchange phenomenon for the exchange of Mg(II)-H(I), Ca(II)-H(l), Sr(II)-H(I), Ba(II)-H(I), 
Ni(II)-H(I), Cu(Il)-H(I), Mn(II)-H(I) and Zn(II)-H(I). The particle diffiision-controlled phenomenon 
is favored by a high metal ion concentration, relatively a large particle size of the exchanger and a 
vigorous shaking of the exchanging mixture. 
The infinite time of exchange is the time necessary to obtain equilibrium in an ion exchange 
process. The ion-exchange rate becomes independent of time after this interval. Fig. 11 shows that 
25 minutes were required for the establishment of equilibrium at 33 °C for Mg^ "^ -H^ exchange. 
Similar behavior was observed for Ca^^-H^ Sr^ -^H"", Ba^^-H^ Ni^^-H^ Cu^^-H^ Mn^ -^H"" and Zn^ ""-
H^ exchanges. Therefore, 25 minutes has been assumed to be the infinite time of exchange for the 
system. A study of the concentration effect on the rate of exchange at SS^C showed that the initial 
rate of exchange was proportional to the metal ion concentration at and above 0.02 M (Fig. 12). 
Below the concentration of 0.02 M, the film diffusion was more prominent. 
The results are expressed in terms of the fractional attainment of equilibrium U(T) with time 
according to the equadon: 
^,, s theamount of exchange at time't' 
U{r) = (1) 
the amount of exchange at infinite time 
Plots of IJ(T) versus time (0 in minutes, for all metal ions (Fig. 13) indicated that the fractional 
attainment of equilibrium was faster at a higher temperature suggesting that the mobility of the ions 
increased with an increase in temperature and the uptake decreased with time. On the basis of 
Nemst-Plank equations the numerical results can be expressed by explicit approximation: ' 
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U(T) = {1- exp [^ (f,(a) r + / / « ; ^ +f}(a) ^)]f' (2) 
where r is the half time of exchange = D/ i? / r„ \ a is the mobihty ratio = D/i/Ds.rp is the 
particle radius, DA and DB are the inter diffusion coefficients of counter ions A and B respectively 
m the exchanger phase The three functions/yfc^j^f'a^ and f3(0) depend upon the mobility ratio (a) 
and the charge ratio (ZA/ZB) of the exchanging ions Thus they have different expressions as given 
below When the exchanger is taken m the H^-form and the exchanging ion is M^^  and for 1 < « < 
20, as in the present case, the three functions have the values-
r / ^ l _ 
//(<^/ - -
-f / ^A 
J2(a)- -
f3(a)= -
1 
0 64 + 0 36a''^ '^ ^ 
1 
096-20 «' ' '^ ' 
1 
0 27 + 0 09 a' '^  
Each value of U(T) will have a corresponding value of r which is obtained on solving equation (2) 
The plots of T versus time (t) at the four temperatures as shown m Fig 14 are the straight lines 
passing through the origin, confirm the particle diffusion controlled phenomenon for M(II) - H(I) 
exchanges at a metal ion concentration of 0 02 M 
The slopes (S values) of various r versus time (t) plots are given in Table 3 The S values are 
related to D H as follows 
S=DH/n (3) 
The values of -log DH obtained by using equation (3) plotted against 1/T are straight lines as 
shown in Fig 15, thus verifying the vahdity of the Arrhenius relation 
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Table 3 
Slopes of various r versus time (t) plots on polypyrrole/polyantimonic acid at 
different temperatures 
Migrating ions 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Cu(II) 
Ni(II) 
Zn(II) 
Mn(II) 
S (s"') X 10-^  
25°C 
9.53 
8.59 
7.38 
8.20 
8.78 
8.15 
7.85 
8.44 
33''C 
11.88 
10.25 
8.98 
9.65 
10.25 
9.94 
9.33 
10.13 
50°C 
14.93 
11.72 
9.77 
11.18 
12.89 
12.36 
11.27 
12.91 
65°C 
16.37 
13.88 
12.23 
12.89 
15.41 
15.10 
13.92 
14.87 
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Fig 15. Plots of-log DH versus 1000/T (K) for (a) Mg (II): • , Ca(II): O , Ba(II). ^, 
Sr(II), A, and (b) Mn(II). , N](II): 0 , Cu(II): X, Zn(II): • , on 
polypyrrole/polyantimonic acid composite cation-exchanger. 
r 
' / / 
1 o 
M ^ 
^ - i "^^ 
r- • 
es 
O 
o g 
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DH =Doexp(-EJRT) (4) 
Do IS obtained by extrapolating these lines and observing the intercepts at the origin The activation 
energy (E,^ is then calculated with the help of the equation (4), putting the value of DH at 273 K 
The entropy of activation {AS*) was then calculated by substituting Do in equation (5) 
Z)o = 2 7 2 / kT/h exp(AS* /R) (5) 
where d is the ionic jump distance taken as 5 A,^'' k is the Boltzmann constant, R is the gas constant, 
h is the Plank's constant and T is taken as 273 K The values the diffusion coefficient (Do), energy 
of activation (£•„) and entropy of activation (AS*) thus obtained are summarized in Table 4 
The kinetic study reveals that equilibrium is attained faster at a higher temperature (Fig 13), 
probably because of a higher diffusion rate of ions through the thermally enlarged interstitial 
positions of the ion-exchange matrix The particle diffusion phenomenon is evident from the 
straight lines passing through the origin for the r versus time (t) plots, as shown in Fig 14 Negative 
values of entropy of activation suggest a greater degree of order achieved during the forward ion-
exchange [M(II) - H(I)] process 
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Table 4 
Values of Do, Ea and AS* for the exchange of H(I) with some metal ions on polypyrrole/ 
polyantimonic acid composite cation-exchange material 
Metal ion exchange with H(I) 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Cu(II) 
Ni(II) 
Zn(II) 
Mn(II) 
Ionic mobility 
(mVsec"') 
55 x lO"*^  
62 X 10"' 
62 X 10-' 
66 X 10"' 
57 X 10"' 
52 X 10"' 
56 X 10"' 
55 X 10"' 
Ionic radii 
(ran) 
7.8 X 10"^  
10.6x10"^ 
12.7x10'^ 
14.3 X 10"^  
7.0 X 10"^  
7.8 X 10"^  
8.3 X 10"^  
9.1 X 10"^  
Do 
(m^s"') 
1.70x10"' 
9.77x10"'° 
9.71 x 10"'° 
9.33x10"'° 
1.26x10"' 
1.38x10"' 
1.21 X 10"' 
2.08 X 10"' 
Ea 
(KJ mol"') 
4.11 
5.14 
5.16 
5.12 
9.23 
8.47 
8.72 
6.44 
AS* 
(JK"' mol"') 
-113.33 
-71.00 
-70.47 
-67.47 
-90.40 
-97.46 
-87.41 
-128.68 
Elsevier 33 of 39 
Saturday , November 08, 2003 
34 
4. Conclusion 
Inorganic precipitate polyantimonic acid modified by incorporation of polypyrrole behaves as 
an electrically conducting composite cation-exchanger. The electrical semiconducting behavior of 
this polymeric-inorganic hybrid material can be employed as a semiconductor in electrical and 
electronic devices. The feasibility of ion-exchange behavior has also been justified by determining 
various physical parameters in kinetic studies. The chemical, thermal and mechanical strength of 
this electroactive material can be utilized to make its ion-selective membrane electrode for the 
selective determination and separation of heavy metal ions in the solutions. It is highly selective for 
Mercury (a major hazardous toxic element in the environment), as shown from the selectivity 
studies ' performed in our laboratory, which makes it important for the environmentalists. 
Compared to other ion-exchange materials of this class, it offers good environmental and 
economical advantages. 
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Ion-exchange kinetics on styrene supported zirconium(IV) tungstophosphate: 
An organic-inorganic type cation exchanger 
A A Khan*, R Niwas & M M Alam 
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Aligarh Muslim University, Aligarh 202 002, India 
Received 25 November 2000; revised received 15 January 2002; accepted 19 March 2002 
Kinetics of exchange reaction of Mg^, Ca^, Sr**, Ba^, Cu^, Mn* ,^ Ni*^ and Zn^ on styrene supported zirco-
nium (IV) tungstophosphate cation exchanger has been studied at 25,33,50 and 65°C. The rate of exchange is found 
to be particle diffusion controlled at a metal ion concentration ^ 0.02 M in aqueous medium. Various kinetic parame-
ters such as self-diffusion coefOcient, Do, energy of activation, E„ and entropy of activation, AS*, have been calcu-
lated. 
Styrene supported zirconium(IV) tungstophosphate 
(SZWP) a new organic-inorganic type ion-exchange 
iflaterial has been synthesized', showing excellent ion 
exchange properties. The kinetics of the surface phe-
nomenon occurring on these materials is also of great 
importance in understanding the mechanism of ion-
exchange process. Although a large number of kinetic 
studies on such materials have been reported '^^ , earlier 
approaches were based on the Bt criterion , which is 
applicable only for an isotopic exchange process. In a 
true ion-exchange process where the fluxes of two 
different ionic species are coupled with one another', 
a single diffusion coefficient cannot describe the ac-
tual process. A new approach based on the Nemst 
Planck equations'""'', which take into account the ex-
change of ions having different mobility to determine 
the various physical parameters is, therefore, applied. 
The physical parameters such as self-diffusion coeffi-
cient, energy and entropy of activation play a vital 
role in understanding the reaction occurring in a sys-
tem. The results of these parameters are summarized 
in the following pages. 
Experimental Procedure 
Reagents and chemicals 
Zirconyl chloride (ZrOCl2.8H20) and sodium tung-
state (Na2W04.2H20) were obtained from Loba-
chemie (India). Orthophosphoric acid (H3PO4) was 
obtained from CDH product (India) while styrene was 
GSC product. All other reagents and chemicals were 
of Analar grade. 
One molar stock solutions of zirconyl chloride, so-
dium tungstate and orthophosphoric acid were pre-
pared in demineralized water (DMW). Further dilu-
tions to the desired concentrations were also made 
with DMW. 10% styrene solution was prepared in 
ethyl alcohol. The ion-exchange material was synthe-
sized as reported earlier . 
Kinetic measurements 
The rate of exchange were measured by limited 
bath technique'^ on exchanger particles of mean ra-
dius (ro)~125 Jim (50-70 mesh size). Twenty mL 
fractions of the 0.02 M metal ion solution (Mg^ "^ , 
Ca^\ S^^^ Ba^\ Ni^^ Cu^^ Zn^* and Mn* )^ were 
shaken with 200 mg of the exchanger in H* form in 
several stoppered conical flasks at the desired tem-
peratures [25, 33, 50 and 65 (±0.5)°C] for different 
time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 min). Super-
natant liquid was immediately removed and determi-
nations were done by EDTA titrations'"*. 
Results and Discussion 
Kinetic studies illustrate that the ion-exchange pro-
cess of SZWP is controlled by particle diffusion at 
and above a metal ion concentration of 0.02 M. Below 
this concentration, film diffusion is more prominent. 
Under the conditions of a particle diffusion control, a 
relatively large particle size of the exchanger and 
vigorous shaking the fractional attainment of equilib-
rium may be given as: 
*For correspondence (E-mail: mezbah@rediffmail.com; 
Fax: 0091-0571-701260) 
U(T) = the total amount of exchange at time" t" 
the amount of exchange at infinite time 
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Fig. 1—Plots of U(T) VS t (time) for different metal(n)-H(I) exchanges at different temperatures on styrene supported zirconium(IV) 
tungstophosphate cation exchanger (A) 25°C, (A) 33°C, (o) 50°C (•) 65°C 
Plots of U(T} versus t{mm) (Fig. 1) for all metal 
ions indicate that the fractional attainment of equilib-
rium is faster at a higher temperature suggesting that 
the mobility of the ions increases with an increase in 
temperature. Each value of U(T) has a corresponding 
value of T (dimensionless time parameter) obtained 
on solving Nemst-Planck equations: 
Table 1—Slopes, S, of the various T versus t plots at different 
temperatures on styrene supported zirconium (IV) tungstophos-
phate (SZWP) 
where 
T = -
Dnt 
(I) 
(2) 
Metal ion 
exchange 
with H(I) 
Mg(II) 
Ca(n) 
Sr(II) 
Ba(II) 
Cu(II) 
Ni(II) 
Mn(II) 
Zn(II) 
25°C 
11.33 
9.33 
8.67 
10.67 
11.33 
10.33 
12.00 
10.00 
5x10^ (s"') 
33°C 
13.33 
10.67 
10.00 
13.33 
13.67 
11.67 
14.00 
12.00 
values at 
50°C 
15.33 
12.00 
11.33 
15.33 
16.00 
13.33 
16.00 
13.33 
65°C 
19.33 
14.33 
13.33 
18.00 
17.67 
15.33 
18.67 
16.67 
and the mobility ratio a= DH/ DM, ro= particle ra-
dius and DM is the interdiffusion coefficient of the 
metal ion. 
The plots of T versus time (t) (Fig. 2) at the four 
different temperatures, are the straight lines passing 
through the origin, confirming the particle diffusion 
controlled phenomenon for M(II)-H(I) exchanges at a 
metal ion concentration of 0.02 M. The slopes (5 val-
ues) of various T versus time (t) plots for all metal 
ions are given in Table 1, which are related with DH 
as: 
5 = DH/'-O ... (3) 
The values of -log DH obtained by using the above 
equation give straight lines when plotted against l/T 
(Fig. 3), verifying the validity of the Arrhenius equa-
tion: 
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Fig. 2—Plots of T vs t for different metai(II)-H(I) exchanges at different temperatures on styrene supported zirconium(IV) tungstophos-
phate cation exchanger (A) 25°C, (A) 33°C, (o)50°C, (•) 65°C 
2.5 3.0 3.5 4.0 2.5 3.0 
1/TX103(K) 
3.6 4.0 
Fig. 3—Plots of-log DH VS I /T(K) for (a) Mg^^-o; Ba^*-«; Ca^+-A; Sr^*-A; and (b) Mn^*-X, Ni^^-©, CU^*-B; Zn^^-*on styrene sup-
ported zirconium(IV) tungstophosphate 
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Table 2—Values of Do. E^ and AS* for some metal ions on styrene supported zirconium (IV) tungstophosphate (SZWP) 
Metal ion 
exchange with H(I) 
Mg(II) 
Ca(II) 
Si (II) 
Ba(II) 
Cu(II) 
Ni(II) 
Mn(II) 
Zn(II) 
Ionic mobility 
(m^v 'sec ') 
55xI0 ' 
62x10" 
62x10' 
66x10' 
57x10' 
52x10' 
55x10' 
56x10' 
Ionic radii 
(nm) 
78x10^ 
106x10' 
127x10^ 
14 3x10^ 
7 0x10^ 
7 8x10^ 
9 IxIO^ 
83x10-
Do 
(mh ') 
4 47x10'° 
4 62x10'° 
7 04x10'° 
106x10' 
7 08x10'° 
3 80x10'° 
5 37x10'° 
1 26x10' 
E, 
(kJmol ') 
7 59 
9 02 
9 79 
10 19 
9 54 
8 39 
8 65 
1163 
AS* 
(J K 'mol') 
-75 39 
-73 48 
-71 61 
68 21 
-7157 
-76 74 
73 86 
66 78 
^ 
' * 
o 
E 
—» 
^ 
o ijj 
11 
10 
9 
6 
7 
-
/ 
• 
/ V 7 / / / i 
_ j i— 
-68 -
T.. -70 
o 
E 
</) 
-72 -
-7A -
-76 
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Ionic radii Hydrated Ionic radii Ionic mobilityXlO^ 
(m2v-1sec-1) (nm ) (nm) 
Fig 4—Variation of E^  and AS* with ionic radii, hydrated ionic radu and ionic mobilities of alkaline earth metals (Mg"" -^*, Ca^*-*, Sr^ *-
A,Ba^*-«)onSZWP 
DH=Doexp(-£a/RT) • •(4) 
Do IS obtained by extrapolating these lines and ob-
serving the intercepts at the origin. The activation en-
ergy, Ea IS then calculated from Eq. (4) putting the 
value of the DH corresponding to the T value as 
273 K in the graph. The entropy of activation, AS*, 
was then calculated by substituting Do in the equa-
tion-
Do=2 llctkTIh expAS*/R (5) 
where d is the ionic jump distance taken as 5 A, A: is 
the Boltzmann constant and h is Planck's constant, T 
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IS taken as 273 K The values of diffusion coefficient, 
Do, energy of activation, fa and entropy of activation, 
AS*, obtained are summarized in Table 2 Negative 
values of entropy of activation suggest a greater de-
gree of order achieved during the metal(II)-H(I) ex-
change process 
This study also indicates that the value of E, and 
AS* have linear relations with ionic radii, hydrated 
radii and ionic mobilities for alkaline earth metals 
(Fig 4) But in case of the transition metal ions stud-
ied this behaviour is not observed Rather, they show 
an irregular variation It may be due to a more distinct 
variation in the ionic radu in alkaline earth metals 
than in transition metals selected for this study 
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